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ABSTRACT 
The severely reheated chondrites Farmington, 
Ramsdorf, Orvinio (It.), Wickenburg, Lubbock, Rose City, 
Arapahoe, and Tadjera have been studied with respect to 
metallographic characteristics.  Using the optical and 
scanning electron microscopes and the electron microprobe, 
the structures and compositions of the metallic phases in 
these meteorites have been characterized.  Unreheated 
chondrites and experimentally heat treated chondritic 
material have also been studied to supplement the study 
of reheated chondrites. 
The following metallographic characteristics can be 
used to estimate the temperature of reheating (TR) of 
chondrites:  remelted appearance of metal-troilite, mar- 
tensite presence, phosphorus enrichment of the metal, and 
averaging of grain center compositions.  The following 
metallographic characteristics can be used to estimate 
the cooling rates of severely reheated chondrites:  nickel 
content of troilite, nickel gradients in metal grain rims, 
presence of secondary kamacite, and presence of phosphides 
Farmington, Ramsdorf, Orvinio (It.), Lubbock, Rose 
City, and several of the heat treated specimens have sub- 
stantial phosphorus in solution in the metal grains 
1 
(>0.1 wt.%).  P enrichment is apparently caused by reduc- 
tion of phosphates upon severe reheating (involving re- 
melting of metal-troilite) of chondritic material.  Phos- 
phides associated with the metal phases were observed in 
the five reheated chondrites with P > 0.1 wt.% in the 
metal. 
The eight severely reheated chondrites studied show 
evidence of reheating to temperatures ranging from ~1000°C 
to ~1250°C.  Cooling rate estimates for these chondrites 
range from ~600°C/day to 1°C/100 years.  Cooling rate 
estimates correspond to post-reheating burial depths rang- 
ing from less than lm to ~1000m. 
Of the eight samples studied, Ramsdorf is believed 
to have been the most severely reheated and to have cooled 
fairly fast:  T ^1200°-1250°C, cooling rate  -100°C/day. 
Wickenburg is believed to have cooled at a fairly slow rate 
from a temperature just high enough to cause metal-troilite 
eutectic melting:  Tr.=1000°C, cooling rate ~1°C/100 years. K 
Previous investigators have estimated thermal his- 
tories for five of the eight reheated chondrites studied. 
There is reasonable agreement between the estimates of the 
present study and those of previous investigations. 
INTRODUCTION 
Meteorites are solid bodies which have fallen to 
the earth from outer space.  They range in weight from a 
few grams to several tons.  There are three basic types of 
meteorites: stones (which include chondrites), stony irons, 
Tl 21 
and irons.  '    Of all meteorites actually seen to fall 
-92% are stones.     Meteorites are generally believed to 
be fragments from one or a few parent bodies which were 
once part of our solar system. 
Until the lunar missions of 1969, meteorites were 
the only source of material from outer space.  For this 
reason, meteorites have been important objects of study by 
astronomers and geologists.  Theories of the formation 
and evolution of the solar system have been largely based 
upon information from meteorite studies.  Because of their 
chemical composition, structure, and radiation ages, chon- 
drites (stony meteorites) are considered by some to be 
very close to primordial matter, i.e., material in the 
same state as it was when the planets first formed.  Re- 
heated chondrites have been studied previously, largely 
from a geological viewpoint.  There have been a limited 
r i—81 
number of investigations      involving the metallographic 
study of reheated chondrites. 
The objective of this research is to gain a better 
understanding of the thermal history of reheated chondrites 
through the study of their metallurgical characteristics. 
There have been three specific approaches taken in seeking 
such understanding: 1) the reinvestigation and further de- 
velopment of metallurgical criteria used in the study of 
reheated chondrites, 2) the simulation of reheated chon- 
drites by experimental heat and shock treatments, and 3) 
the determination of thermal histories of some of the 
severely reheated specimens. 
Although lunar material was not studied in this 
work, the results may be of interest to investigators in- 
volved with such, due to similarities between reheated 
chondrites and some lunar samples. 
BACKGROUND 
Chondrites 
\ 2 1 According to Wood   , meteorites classified as 
stones are either chondrites or achondrites.  Approximate- 
ly 93% of all stones seen to fall are chondrites, which 
therefore make up a large majority of meteorite falls. 
Chondrites contain small spheroids of silicate (or rem- 
nants thereof) known as chondrules.  They also contain re- 
duced (free) Fe-Ni metal.  Achondrites have neither of 
these features; they are quite similar to terrestrial ig- 
neous rocks.  Figure 1 shows the macrostructure of a typi- 
cal chondrite. 
[21 Mmeralogically, Wood    describes chondrites as 
being composed predominantly of olivine and orthopyroxene. 
Other silicates present include feldspar and diopside. 
Metallic Fe-Ni is found usually as kamacite (a) and taenite 
(y).  Chondrites also contain a sulfide mineral, troilite 
(FeS).  Small amounts of other minerals (containing Cr, Ti, 
P, etc.) are also present.  A brief description of chon- 
drite chemistry will be deferred until the classification 
system for chondrites has been presented. 
A convenient classification system based on chemical 
and petrologic criteria has been developed for chondrites 
Figure 1 - Macrostructure of chondrite Cynthiana.  Note 
circular shapes of silicate (lighter phases), 
known as chondrules.  Dark areas are opaque 
minerals (arrows), mostly metal and troilite. 
Marker = 1 mm. 
(■9 1 by Van Schmus and Wood   .  The chemical criteria involve 
weight ratios among elements and oxides and lead to five 
chemical groupings: enstatite (E-group), carbonaceous (C), 
bronzite (H), hypersthene (L), and amphoterite (LL). 
Petrologic criteria are based on the apparent degree of 
metamorphism in various chondrites and lead to six petro- 
logic types; type 1 through type 6.  Figure 2 shows the 
resulting classification grid.  Thus, an enstatite chon- 
drite of petrologic type 4 is known as an "E4." 
Most of the samples used in this work are hypers- 
thene (L) or bronzite (H) and types 4, 5, or 6. 
Table 1 lists average chemical compositions of bronzite 
and hypersthene chondrites.      Of special relevance to 
this work are values for P-O^, Fe, Ni, Co, FeS, and P. 
Note that in columns 1 and 2, Fe denotes metallic iron, 
FeO the oxide or iron in silicate minerals.  Columns 3 
and 4 list total Fe (metallic and oxidized). 
Reheated Chondrites 
Several chondrites contain evidence of reheating 
which occurred prior to their fall to earth. "Re- 
heating" refers to a heating and cooling cycle which took 
r 3 4i 
place since the cooling of the original parent bodies.  ' 
Strong evidence has indicated that several chondrites were 
reheated due to a shock event -520 million years (Myr) 
[3-7] 
ago.    J
Petrologic Type 
Chemical 
Group 
1      2 3 4       5          6 
E 
1 
1 
E3 E4      E5    I    E6 
1 
Enstatite Chondrites 
C 
Cl     C2      C3 
Carbonaceous Chondrites 
!        1 
C4   ,        , 
1        1 
H 
1 
1 
1 
1 
1 
1 
1 
1 
1 
H3 
* 
L3 
* 
LL3 
H4      H5         H6 
Bronzite Chondrites 
L 
L4      L5         L6 
Hypersthene Chondrites 
LL 
LL4     LL5        LL6 
Amphoteric Chondrites 
*Unequilibrated ordinary chondrites 
+Boxes without a code do not contain any chondrites, 
Figure 2 - Classification of Chondrites (Van Schmus and Wood [9]) 
Table 1 - Preferred Values for Average Composition of 
Olivine-Bronzite and Olivine Hypersthene 
Chondrites (after MasonIHJ). 
Oxide/Element 1 2 Element 3 4_ 
sio2 36.57 39.98 O 33.24 36.91 
MgO 23.69 25.23 Fe 27.79 21.60 
FeO 9.67 14.70 Si 17.10 18.69 
Al2°3 2.30 2.40 Mg 14.29 
15.22 
CaO 1.77 1.90 S 1.93 2.22 
Na20 0.86 0.95 Ni 1.64 1.10 
Cr2°3 0.42 0.45 Ca 1.27 1.36 
MnO 0.33 0.35 Al 1.22 1.27 
P2°5 0.26 0.27 Na 0.64 0.71 
K20 0.10 0.11 Cr 0.29 0.31 
Ti02 0.10 0.11 Mn 0.25 0.27 
Fe 16.90 6.30 P 0.11 0.12 
Ni 1.64 1.10 Co 0.09 0.06 
Co 0.09 0.06 K 0.08 0.09 
FeS 5.30 6.09 Ti 0.06 0.07 
TOTALS 100.00 100.00 100.00 100.00 
1 - Average composition (wt.%) of bronzites (36 analyses) 
2 - Average composition (wt.%) of hypersthenes (68 analyses) 
3 - Average elemental composition (wt.%) of bronzites 
4 - Average elemental composition (wt.%) of hypersthenes 
r 3 ] 
According to Wood   , shock compresses the material 
upon which it acts, causing heating to occur.  The tem- 
perature of the material immediately following the shock 
wave (post-shock residual temperature) is dependent upon 
the severity of shock and the compressibility of the ma- 
terial.  Relatively incompressible minerals would have a 
lower residual temperature; more compressible minerals 
would have a higher residual temperature.  Conduction of 
heat would level out "hot spots," bringing the material 
to an overall residual temperature fairly quickly.  Heat 
produced during such shock would be retained in larger 
pieces of debris for a substantial time, resulting in 
fairly slow cooling rates. 
(Note: "Shocked" chondrites and "reheated" chon- 
drites refer essentially to the same meteorites.  For con- 
sistency, "reheated" will be used in this paper since it 
is mostly the shock induced thermal cycle which manifests 
itself in the metal and associated phases of severely 
shocked chondrites.) 
Evidence for shock heating has been noted by three 
basic methods: 1) measurement of gas retention and radia- 
tion ages, 2) x-ray diffraction studies of olivine, and 
r 3-71 
3) optical observations (macro- and microscopic).    J 
By measuring isotopes of Ar and He, which are products of 
certain radioactive decay, investigators  ' '   have es- 
timated gas retention ages of chondrites.  Material 
10 
apparently unaffected since its formation has gas reten- 
9 
tion ages of -4.5 x 10  years, the estimated age of the 
solar system.  Shorter estimated ages of chondrites have 
led investigators [2,4,5] to conclude that a major reheat- 
ing event affected many of the chondrites -0.6x10  years 
ago. 
X-ray diffraction patterns of olivine have been 
[4 51 
studied to reveal the severity of shock in chondrites.  ' 
Olivine becomes finely polycrystalline at pressures great- 
er than -13.0 GPa (130 kbar).  Samples with shocked oli- 
r 4 51 
vine generally have short gas retention ages.  ' 
Occurrence of Metal in Chondrites 
[3] 
Wood    sums up the history of the study of chon- 
dritic metal.  When scientists began taking the study of 
meteorites seriously, one of the first observations made 
was that most meteoritic stones contained tiny metallic 
grains.  Within a few years, it was discovered that the 
metal grains were iron-nickel alloys.  It soon became 
evident that -85% of the meteorites seen to fall were 
characterized by metal grains and spheroidal silicate 
crystals known as chondrules.  These properties set this 
group of stones apart from all known terrestrial rocks 
and they became known as chondrites. 
Ordinary chondrites contain J to 20% by weight 
of metallic minerals, which are relatively evenly dis- 
persed as irregularly shaped grains, usually 10 - 200ym 
11 
r 3 l (microns) in diameter.1 '       (Note:  The word "grain" denotes 
a discrete mass of metal, whether it is mono- or polycrys- 
talline internally.) 
Studies in the last twenty years have identified 
the metal phases of kamacite (a) and taenite (y) and the 
structures of plessite (a+y) and martensite (a„) in chon- 
T 3 — 8 121 dritic Fe-Ni.    '  J  The composition, arrangement, and 
microstructure of these metallic phases varies from sample 
to sample.  It is such variations that can be studied to 
aid in the deduction of chondrite thermal histories. 
The Fe-Ni phase diagram and the lattice diffusion 
coefficients for the Fe-Ni system are important tools in 
determining preterrestrial thermal histories.  The equil- 
ibrium Fe-Ni phase diagram is shown in Figure 3.   ' 
Even though minor amounts of Co, P, S, and C are sometimes 
present in chondritic metal, their concentrations are 
usually low enough so that the Fe-Ni binary system can be 
used to study the phase relations.  The Fe-Ni-P alloy sys- 
tem data is employed for study of chondritic metal with 
greater than trace amounts of phosphorus. 
[3 i 
Wood   J describes two metal phases in unreheated 
ordinary chondrites: kamacite (a Fe-Ni, B.C.C.) and taenite 
(y Fe-Ni,F.C.C). Kamacite grains are commonly single crystals 
and contain 4-7 wt.% Ni.  Many kamacite grains display 
Neumann bands, which are shock-produced twin lamellae (see 
12 
Fe-Ni     Iron-Nickel 
Fe 10        20        30        10        50        60        70       SO       90        Ni 
Weigh!  Percentoqe Nickel 
Figure 3 - The Fe-Ni phase diagram.L  '  J 
13 
Figure 4).  These features are created by light shock pres- 
sures (>8   GPa at room temperature, less pressure at lower 
[4] 
temperatures   ) with little or no reheating. 
Taenite grains are usually single crystals, occasional- 
ly polycrystalline, which demonstrate a zoned or concentric 
pattern upon etching.  Zoning is due to compositional dif- 
ferences across the grain, generally 25-35 wt.% Ni at 
the center and 45-55 wt.% Ni near the edge.  The centers 
of taenite grains sometimes show a plate martensite struc- 
ture upon etching (see Figure 5). 
[3] Wood    describes plessite as a fine mixture of a and 
Y that is sometimes observed in unreheated and lightly re- 
heated samples (see Figure 6).  This phase forms upon slow 
cooling through the a + y  phase field (see Figure 3). 
[3] Work done by Wood    on taenite and kamacite grains 
indicates that ordinary chondritic material had cooled in 
the range of 0.1 to 100°C/million years.  Such cooling 
rates correspond to the cooling of small planets after ini- 
tial heating due to radioactive decay. 
Also of metallurgical interest is the sulfide mineral 
troilite (FeS).  Chondrites generally contain ~6 wt.% of 
this mineral.      Troilite usually contains less than 
0.2 wt.% Ni and often occurs in contact with metal 
[3] grains. 
14 
Figure 4 - Kamacite grain with Neumann bands (arrows) in 
chrondrite Bath. Darker surrounding phase is 
silicate.  Nital etch.  Marker = 25  ym. 
Figure 5 - Zoned taenite grain in chrondrite Bath.  Note 
concentric zoning within grain (due to composi- 
tional variation) and plate martensite in 
central areas (open arrow).  Surrounding dark 
phase is silicate.  Nital etch.  Marker = 10 yrn, 
15 
Figure 6 - Plessite grain in Knyahinya, fine mixture of 
kamacite and taenite.  Dark surrounding phase 
is silicate.  Knyahinga is the control sample 
for the HT and ST specimens.  Nital etch. 
Marker = 25 ym. 
16 
Metallographic Evidence of Reheating 
The metal and its associated minerals reveal evi- 
dence of shock heating in several of the ordinary chon- 
[41 
drites.  Heymann    has done extensive work in studying 
metal in shock-affected chondrites and has characterized 
several samples in five successive classes of shock re- 
heating severity according to metallographic criteria. 
Heymann's shock classes are presented below in order of 
increasing severity, with examples named: 
1. Lightly shocked: Metal apparently relatively 
unaffected; Monocrystalline a, zoned y,   normal 
plessite.  a has Neumann bands, which require 
shocks of >8   GPa (80 kbar) at room temperature, 
but can be produced at lower temperatures by 
weaker shocks (may have arisen from terrestrial 
impact).  Ex: Grady No. 2. 
2. Moderately shocked: Polycrystalline a (recrys- 
tallized from strained or deformed a), zoned y, 
abundant plessite.  Some plessite probably 
formed upon decomposition of y   grain centers. 
Ex: Bruderheim, Peetz. 
3. Moderately to strongly shocked: Polycrystalline 
a, clear y   (not compositionally zoned), no 
plessite.  Probably heated somewhat higher than 
Class 2 or cooled considerably slower to permit 
zoned y   and plessite to disappear.  Ex: Goodland, 
Abernathy, Ergheo. 
[41 (Heymann    believes that Classes 2 & 3 were heated 
to not greater than ~500°C, since upon cooling from above 
~500°C, y would transform to martensite.  In the remaining 
shock classes (4 & 5), a common characteristic is the pres- 
ence of martensite, or metastable a?.  This in itself in- 
dicates severe reheating.) 
17 
4. Heavily shocked: Martensitic a   ,   clear a, some 
clear y.  Ex: Tadjera, Barratta, Kingfisher, 
Taiban. 
5. Very heavily shocked: Martensite abundant, clear 
a and clear y rare, secondary a common in some 
(a apparently grown during cooling period).  Oc- 
currence of rounded and ovoid metal grains abut- 
ting on or within troilite; indicating melting. 
Ex: Farmington, Arapahoe, Orvinio, Lubbock, 
Wickenburg. (Evidence of very severe reheating 
will be discussed later in greater depth.) 
Many of the chondrites displaying shock symptoms are 
[15 
Y 
[16] 
r 15] 
known as black chondrites (according to Prior and Hey    ), 
due to the dark appearance of the silicates.  Anders 
found that the blackening, along with veining and breccia- 
tion, is actually a macroscopic symptom of shock.  These 
symptoms were definitely concentrated among the hypersthene 
r i fi i 
chondrites with short gas retention ages.      Evidence of 
severe shock was found much less frequently among bronzite 
.   , ..    [4,16] 
chondrites. 
Taylor and Heymann    review possible phase trans- 
formations in chondritic Ni-Fe.  Unless the cooling rate is 
extremely slow, Fe-Ni heated into the y field will undergo 
a martensitic transformation to metastable a9 upon cooling, 
rather than decompose to a + y (see Figure 7).  Ni diffu- 
sion in Fe-Ni is very sluggish and y persists long after 
cooling into the a + y phase region.  Upon reaching the M 
(martensite start) curve, y begins a rapid diffusionless 
transformation to a2> even at subzero temperatures.  Taenite 
of >35% Ni is stable at all temperatures.  The martensite 
18 
10 20 30 40 
WT. PCT,  NICKEL 
50 
Figure 7 - Fe-Ni  phase diagram with martensitic transfor- 
mation boundaries, M  and Mf (from Kaufman and 
ri71 s Cohen1  J).  Equilibrium phase boundaries 
a/a + y and y/a  +  y   from Goldstein and 
Ogilvie. [14] 
and Heymann, 
Figure itself taken from Taylor 
[6] 
19 
transformation is complete at the M_ (martensite finish) 
curve. 
The transformation temperatures M  and M  are only 
approximations for the meteoritic case, since they depend 
on several variables including pressure, grain size, and 
[41 trace element concentration.     This is not crucial to 
the study of reheated chondrites since the basic fact re- 
mains that a or y Fe-Ni must have been heated into the y 
field for  a~ to appear.  It may be concluded, therefore, 
that metal in Class 4 and 5 samples had been heated to at 
T41 least 600°C, in some cases as high as ~1200°C.  J
Symptoms of Reheating Found in Severely Reheated Chondrites 
Since this work deals primarily with the more severe- 
ly reheated chondrites, the criteria used to study these 
chondrites will be described. 
Martensite 
Martensitic a~ is the predominant structure in the 
metal phase of strongly reheated chondrites.  ' ' ' 
Chondritic a-j is generally found with a lath-type struc- 
ture (see Figure 8), although variations in appearance 
occur. 
The martensite can vary in composition from grain- 
to-grain within one sample, but individual grains are usual- 
ly fairly homogeneous.  Some chondrites have very consis- 
tent a~ compositions from grain-to-grain. As stated 
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Figure 8 - Metal grain in Farmington.  Predominantly 
a2 (M) with some secondary a (a).  T is 
troilite.  Nital etch.  Marker = 25 ym. 
Figure 9 - Metal spheroids within trolite (T), indicating 
remelting.  In Arapahoe.  Nital etch. Marker 
= 25 ym. 
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previously, it is believed that a„ forms upon relatively 
fast cooling of taenite from temperatures greater than 
~600°C.[3'4'6] 
Remelting 
Several chondrites contain rounded or ovoid metal 
grains bordering on or surrounded by troilite grains (see 
Figures 9 and 10), indicating a melting of metal-troilite 
areas.  ' '    According to the Fe-S phase diagram, troil- 
T131 ite melts at 1190°C (see Figure 11).      The presence 
of metallic Fe will lower the melting temperature, with 
the eutectic Fe-31.6S melting at 989°C. 3^  The presence 
of other elements, in this case most notably Ni, will also 
serve to lower the melting temperature. 
[41 Heymann    states that troilite melts at ~950°C in 
the presence of a, but at considerably lower temperatures 
T71 in the presence of y.  Begemann and Wlotzka   believe 
the FeS + metal in Ramsdorf to have melted in the range 
of 1300-1350°C.  The exact melting temperature is depend- 
ent upon specific conditions present at the time, especial- 
ly the presence of Ni and trace elements such as Co, P, and 
c.[7' 
Homogenization 
Along with remelting and the presence of a.   ,   sever- 
r 3- 81 
al authors      report homogenization of the Fe-Ni metal 
in severely reheated samples, not only within individual 
22 
Figure 10 - Farmington metal grain (m) with abutting 
troilite (T). Rounded metal-trolite bound- 
ries (arrows) indicate remelting. Marker = 
25 ym. 
Fe-S     Iron-Sulfur 
Aiom'C  rprcentaqe  Sulfur 
70 BO 
ROOT 
1000 
900,. l ■Fe 10        20       30       40       50       60       70       80       90        S 
Weight Percentage Sulfur 
Figure 11 - Upper portion (above 900°C) of Fe-S phase 
(11) diagram.   ' 
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grains, but also from grain-to-grain within the sample. 
This occurs to various degrees in different chondrites. 
The Ni content of metal grains in unreheated chon- 
drites are either 5 to 7 wt.% Ni (a) or 25 to 55 wt.% Ni 
r 3 l (y).     Metal grains in severely reheated chondrites are 
often of intermediate Ni contents and grains at the "ex- 
treme" compositions mentioned above are rare.  As an ex- 
r 3 I 
ample, WoodL J reports on average a„ composition for 
Farmington at ~12 wt.% Ni, with a range of 7 to 20 wt.% 
r o ■] 
Ni.  Buseck, et al.L J studied Farmington metal grains 
and found an average bulk composition of 14 wt.% Ni.  Such 
data for five reheated chondrites is presented in Table 
2a. 
Rim Effects 
Previous investigations'- '   '   report fairly homo- 
geneous interiors of a~ grains.  However, high Ni rims 
have been reported in RamsdorfL * ,   Orvinio (It.) ^ ^, and 
LubbockL J.  These rims usually appear microscopically 
as light (non-etching) bands grading into the a„ structure 
(see Figure 12), and are reported to contain a steeply in- 
r rr      -7 i 
creasing Ni gradient toward the edge.L ' J  Table 2b lists 
r fi 71 previous data from such high Ni rims.  These authors1 ' J
postulate that the high Ni rims are due to solute (Ni) 
segregation during solidification of an Fe-Ni-S melt. 
Contrasting with high Ni rims, at least two severely 
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Table 2a - Ni Compositions of Metal Grain Interiors of Re- 
heated Chondrites (from previous investigations) 
Chondrite Av erage a Ni (wt 
.%) Range Reference 
Farmington ~ 12 7 - 20 [3] 
14 ±20% of mean [8] 
Ramsdorf ~ 11 ±20% of average [7] 
Wickenburg 12.5 11.3 - 13.7 [6] 
Orvinio (It. ■) 8.2 [6] 
Lubbock 11.3 9.6 - 18.1 [6] 
Table 2b - High Ni Rims 
Average Peak 
Chondrite at grain edges (wt. , -a) Range Re 3ference 
Ramsdorf 27.6 22.4 - 38.0 [7] 
Orvinio (It.) 12.5 [6] 
Lubbock 17.1 14.7 - 19.2 [6] 
Table  2c  -   Low Ni  Rims  -   Secondary  a 
Chondrite 
Farmington 
Wickenburg 
Average Ni  in a rim   (wt.%) 
7.0  -   7,2 
6.9 
Reference 
[3,8] 
[6] 
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Figure 12 Ramsdorf metal grain with light-etching, 
high Ni rim (open arrow). T is troilite 
Nital etch.  Marker = 10 ym. 
26 
reheated chondrites contain rims of kamacite, sometimes 
occurring between metal and troilite, sometimes between 
metal and silicate  ' '   (see Figure 8).  Previous data 
[3] for these chondrites is found in Table 2c.  Wood    postu- 
lates that these a rims grew during cooling through the 
a + y field (see Figure 3), growth being nourished by high- 
ly mobile Fe and Ni atoms in the silicate phases.  Taylor 
r 61 
and Heymann    suggest that such a nucleated from y of 
~12% Ni and grew at the expense of y prior to the y -► a„ 
transformation. 
Phosphorus Enrichment and Phosphides 
r fi 71 
At least two investigations  '   report the pres- 
ence of phosphorus in solution in metal grains of severely 
reheated chondrites.  Similar measurements of unreheated 
chondrites indicate very low values of <35 ppm (0.0035 
wt.%) P in kamacite and <250 ppm (0.025 wt.%) P in 
[6,18] taenite. 
[71 Begemann and Wlotzka    report that electron micro- 
probe measurements show Fe-Ni grains of Ramsdorf to contain 
an average of 0.4 5 wt.% P.  Taylor and Heymann    report 
average P contents of metal grains in four other chondrites 
(see Table 3).  Aside from phosphorus in solution in metal, 
Begemann and Wlotzka    and Taylor and Heymann    have also 
observed phosphides rimming Fe-Ni grains in Ramsdorf and 
Orvinio (It.), respectively.  These phosphides are believed 
27 
Table 3 - Average P Contents of Metal Grains in Reheated 
Chondrites (from previous investigations) 
Average P (wt.%) 
Edge a? 
Chondrite Center of a„ grains grains a Reference 
Ramsdorf 0.48 (range: 0.2-0.9) 0.41 _ [71 
Wickenburg ,08 - 0.14 [6] 
Kimble Coun ty .08 - - L6] 
Orvinio (It • ) .62 .51 - [6] 
Lubbock .20 .17 - [61 
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to be schreibersite, (Fe, Ni)~ P, and occur in laths <2ym 
thick 
f 61 
Taylor and Heymann    suggest that P entered the 
metal upon melting of the metal-troilite mixture after 
shocking.  Assuming that, prior to shocking, P was dis- 
tributed in reheated chondrites similarly to unreheated 
chondrites, the logical source of this element is phos- 
phate minerals.  Phosphates were probably reduced during 
shock heating and the resultant free P went into the metal 
r 61 phase.  Taylor and Heymann    briefly discuss the possible 
reactions for such a reduction and conclude that it is 
possible in the presence of metallic Fe-Ni, although the 
precise nature of the reductant (probably C or CO) is un- 
known.  Possible reactions are: 
Ca  (P04)  + 2% C -> 3CaO + 2%C02 + P 
Ca3 (P04)  + 5 CO + 3CaO + P2 + 5C02 [6^ 
T191 Komarek     cites experimental evidence which shows 
that carbon will start to reduce tricalcium phosphate be- 
tween 1000° and 1100°C.  In the presence of metallic iron, 
this reduction occurs between 700° and 750°C.  Carbon 
monoxide will start reducing tricalcium phosphate at 
~1300°C, but in the presence of metallic iron, at 950° to 
1000°C. 
According to studies by Fuchs    , ordinary chon- 
drites (bronzites and hypersthenes) contain phosphate in 
29 
the minerals whitlockite, Ca_(PO.) , and chlorapatite, Ca, 
2 [111 (PO.)  Cl; whitlockite predominating.  Mason     analyzed 
3 
several chondrites for phosphate (P„Oj-) and found averages 
of 0.26 wt.% P„Oc for 36 bronzites and 0.27 wt.% for 68 
hypersthenes. 
Nickel in Troilite 
[31 Wood    states that troilite in ordinary chondrites 
[71 
contains less than 0.2 wt.% Ni.  Begemann and Wlotzka 
report an average of ~0.1 wt.% Ni in Ramsdorf troilite. 
r 61 
Taylor and Heymann    report an average of <0.3 wt.% Ni 
in Orvinio (It.) troilite. 
Veins, Blebs, and Veinlets 
[4] 
Heymann    refers to the common occurrence (in re- 
heated chondrites) of veins of severely fractured, fine- 
grained silicates, replete with minute (<lym to lOym) 
droplets of metal and/or troilite.  Similar structures 
were artificially produced in the chondrite Stalldalen by 
shock pressures of -50.0-80.0 GPa (500-800 kbar).*-21^ 
Very heavily shocked chondrites display this feature 
[41 throughout   , some having fairly high densities of the 
tiny droplets, or blebs (see Figure 13). 
Similar to the blebs are microscopic veinlets of 
troilite and/or metal running through the silicate matrix. 
These veinlets are on the order of 1 to lOym wide and tens 
of microns in length.  It appears as if troilite and metal 
30 
Figure 13 Photo of Lubbock shows tiny blebs (white specks) 
of metal and/or troilite in silicate matrix. 
Larger white grains (arrows) are metal. 
Marker = 2 5 ym. 
Figure -14 - Photo of Arapahoe featuring veinlets (arrows) 
of metal and/or troilite in silicate matrix 
(grey phase).  Marker = 25 ym. 
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• •    [4] 
were squeezed into cracks and pores in the silicate 
(see Figure 14). 
Post-Shock Thermal Histories 
By studying the above indicators of shock, a few 
investigators  ' ' '   have estimated the post-shock ther- 
mal histories for some of the reheated chondrites.  The 
post-shock residual temperature (which will be referred to 
as Tn) is the temperature which results immediately follow- K 
ing a shock wave passing through the chondritic materi- 
al.  ' J  Also of interest is the post-shock cooling rate, 
or the rate of cooling from T .  Once residual tempera- 
tures are estimated, one can then deduce an approximate 
shock pressure.  From experimental shock studies by McQueen 
[22] 
et al.     on similar terrestrial rocks, Taylor and Hey- 
r fi i 
mann    have estimated correlations between TD and shock 
pressures for some reheated chondrites. 
Thermal histories have been postulated by using 
qualitative and quantitative techniques  ' ' ' '   .  Pri- 
marily, optical microscopy has been employed to study the 
structure and configuration of metal phases.  Shock indi- 
cators such as martensite, the remelted appearance, blebs 
and veinlets, and rim effects have also been studied with 
the optical microscope.  The electron microprobe has been 
employed to study elemental compositions of selected phases 
Averaging compositions of metal grains yields data on 
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phosphorus enrichment and homogenization. Rim effects and 
Ni in troilite are also studied with the aid of the micro- 
probe. 
Residual temperatures have been estimated largely 
by studying the microscopic appearance of the metal and 
the metal-troilite assemblages.  The presence of marten- 
site and the degree of remelted appearance have been the 
key criteria used to estimate T_..  ' ' '    Ni profiles 
in metal grains have been used to determine the amount of 
Ni diffusion which took place and the temperature range 
over which it occurred.  This results in maximum times 
that the metal could have spent at given temperatures, 
r fi 71 
which aids in T  and cooling rate approximations.  ' 
Taylor and Heymann    and Begemann and Wlotzka 
conclude that variations in cooling rates between reheated 
chondrites are due to various depths of burial within a 
parent body (following the shock event).  Cooling rates 
for material at various depths of burial can be estimated 
by applying the equation for temperature distribution in- 
side a semi-infinite slab, cooling by radiation from a 
given temperature.  By plotting such cooling rate curves 
(T vs. time) for various depths of burial and overlaying 
the previously calculated curves for maximum times at 
given temperatures, the cooling rates of a few reheated 
chondrites have been estimated.  Table 4 lists some esti- 
mates of T      (with corresponding shock pressure) and "cooling 
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Table 4 (Cont'd.) - Footnotes for previous page 
Reference for microstructure features 
2 
l=secondary y,   2=clear y 
3 
T =residual temperature immediately after shock event 
K 
4 
These estimates from same references as T values 
K 
5 [7] 
Values (l=least amount of shock 5=most) from Taylor and Heymann   and 
[4] Heymann 
IP* 
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*     w      • [4,6,7,12] ,.     . 
rates made by previous investigators for a few 
reheated chondrites.  T  estimates range from -~600°C to R 
1350°C and cooling ranges from ~4°C/min. to 0.01°C/yr. 
Table 4 also summarizes other observations from previous 
investigations. 
Astronomical Events 
[4-7] 
Investigators     who have studied shock reheated 
chondrites have postulated what may have happened to this 
material in outer space.  Briefly summing up their conclu- 
sions, it is believed that a severe collision ~520 million 
years ago (Mya) caused reheating of parent bodies to tem- 
peratures ranging up to ~1200°C.  Such a temperature range 
implies shock pressures ranging from 50.0 to 80.0 GPa (500 
r 6 I 
to 800 kbar).     Varied depths of burial within the re- 
sulting bodies result in a range of cooling rates.  Sub- 
sequent break-up, possibly due to less severe collisions, 
resulted in asteroid and meteoroid-sized bodies, some of 
which have fallen to earth. 
[41 Heymann    finds that evidence to date suggests 
that at least one-third of all hypersthene chondrites (and 
probably two-thirds) were involved in the 520 Mya colli- 
sion.  As a consequence, at least that many hypersthenes 
must have resided on two parent bodies at the most.  Evi- 
dence also indicates that the event was a collisional re- 
heating of a cold object. 
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Investigative Approach 
Reheated chondrites have been studied metallographi- 
cally by optical microscopy and electron beam microanaly- 
sis (using the electron microprobe).  By relating data 
from microprobe measurements to qualitative microscopic 
observations of the metal and associated phases, previous 
F3-71 investigators      have discussed thermal histories of 
reheated chondrites. 
The present study also employs optical and electron 
metallography to study severely reheated chondrites.  Qua- 
litative observations of microstructure are aided by 
appropriate microprobe measurements to postulate thermal 
histories.  The same criteria used by previous investi- 
[3-7] 
gators      to study reheated chondrites are employed along 
with new criteria and further development of previously 
used criteria. Special emphasis is placed on the use of 
the phase relations in the Fe-Ni-P ternary system to esti- 
mate thermal histories of severely reheated chondrites. 
Chondritic material was experimentally heat treated and 
the resultant samples were studied using the same tech- 
niques and criteria used to study the reheated chondrites. 
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EXPERIMENTAL PROCEDURE 
Experimental work involved three basic areas: opti- 
cal microscopy, electron metallography (electron micro- 
probe and scanning electron microscope), and heat treating. 
Specimens studied were obtained on loan from the British 
Museum and the National Museum of Natural History (see 
Table 5).  Each sample was in one of three conditions: 
thick section (chunk of chondrite mounted in 32 mm or 2 5 mm 
diameter bakelite, lucite, or epoxy), polished thin sec- 
tion (PTS; ~30ym thick slice glued to small glass slide), 
or unmounted chunk. 
Specimen Selection 
A total of 35 chondrite specimens were available for 
preliminary observation.  Optical microscopy and limited 
electron microprobe work were used to select a smaller num- 
ber of samples for detailed study.  It was decided to 
choose for further study those specimens which were appa- 
rently most severely reheated, based on criteria developed 
\ 3 — 81 by previous investigators.       The chondrites Farmington, 
Ramsdorf, Orvinio (It.), Wickenberg, Lubbock, Rose City, 
Arapahoe, and Tadjera were chosen for detailed study main- 
ly because they exhibited characteristics indicating that 
they were the most severely reheated of the samples on 
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Table 5 - Samples Used in Present Study 
Sample 
Van Schmus-Wood [9,10] 
Classification    Source*    Sample Number 
Farmington 
Ramsdorf 
Orvinio (It.) 
Wickenburg 
Lubbock 
Rose City 
Arapahoe 
Tadj era 
L5 
H6 
L5 
(H) 
L5 
L5 
NMNH 
NMNH 5749 
BM 1959, 1023 
BM 1959,  887 
BM 1959,  768 
NMNH 2315 
Knyahinya 
Cynthiana 
Wellman 
Bath 
L5 
L4 
H5 
H4 
NMNH 102 
NMNH 748 
NMNH 2504 
NMNH 201 
"NMNH = National Museum of Natural History 
BM  = British Museum 
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hand.  Ramsdorf   , Orvinio   , Wickenburg   , and Lubbock 
have been studied in detail with respect to metallographic 
r 3 81       r 4 ] 
evidence of reheating.  Farmington  '  , Arapahoe   , 
[4] [51 
Tadjera   , and Rose City    have been studied, but not 
in great detail.  Table 4 includes information on all eight 
of these chondrites chosen.  Several of the unreheated 
chondrites were observed for comparison with the reheated 
chondrites, and Knyahinya, V7ellman, Cynthiana, and Bath 
were the principle samples used for that purpose. 
Specimen Preparation ,1 
Prior to optical microscopy and electron metallo- 
graphy, the samples were polished for examination.  All 
reheated chondrite specimens were available in the mounted 
condition, either thick section or PTS.  The entire polish- 
ing sequence is described below.  Some samples, however, 
were received in the polished or partially polished con- 
dition. 
Thick sections were ground on a wet belt to obtain 
a clean, flat surface.  Thick sections were ground further 
by hand on successively finer wet silicon carbide papers: 
240, 320, 400, and 600 grits.  Samples were then polished 
on a slow speed brass wheel with 15 or 6ym diamond paste 
on a nylon lap.  The next step was polishing on a glass 
plate by hand using nylon laps charged with 6ym, then lym 
diamond paste.  The final polishing stage was accomplished 
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with a solution of 0.06ym A1-0-. (Linde B) on microcloth. 
All polished thin sections were received already polished 
to either lym diamond or Linde B.  Etching was done with 
a 1% nital solution (1% nitric acid, 99% ethanol) for 
times of 10-60 seconds, depending on the particular sample 
and the degree of etching desired.  It was often advanta- 
geous to repolish and etch starting with lym diamond after 
the first etch. 
Optical Microscopy 
Microstructural observations were made with a Zeiss 
microscope.  Photomicrographs were taken with the same in- 
strument and with a new Zeiss Axiomat metallograph.  Two 
different cameras were employed; a 35mm camera using Plus 
X film and a Polaroid film holder using P/N 55 film. 
Electron Microprobe 
The principles of operation of the electron micro- 
probe and scanning electron microscope (SEM) will not be 
T231 discussed here, but can be found in the literature. 
Lehigh's ARL electron microprobe was employed for 
elemental analysis of phases in samples of interest. 
Briefly, the microprobe operates by aiming a focused elec- 
tron beam on the point of interest (500 A electron beam 
resolution).  The beam interacts with an excitation volume 
in the sample and characteristic X-rays are emitted along 
with continuum X-rays, secondary electrons, Auger electrons, 
41 
and backscattered electrons. 
Quantitative measurements of characteristic X-ray 
intensities were made to determine elemental compositions. 
Wavelength dispersive spectrometers on the microprobe were 
peaked for K-line X-rays of the desired elements.  The ele- 
ments commonly measured were Fe, Ni, Co (with LiF spectro- 
meter crystal) and P,S (with ADP spectrometer crystal). 
Most quantitative work was done at an operating voltage of 
20 kV and 0.05 microamperes (as measured on pure iron), 
using a forty second counting time.  Samples were coated 
with a thin layer of carbon, vacuum deposited onto the sur- 
face to insure good conductivity.  X-ray intensities were 
displayed on digital counters and recorded on teletype 
printout and punched paper tape for subsequent computer 
analysis.  Considerations of data accuracy and detectabili- 
ty limit will be discussed later. 
Intensities are also taken from standards of known 
elemental composition so that weight percentages can be 
calculated from the intensities taken from the unknown. 
Standards used are listed in Table 6.  Along with these 
peak intensities, background intensities are taken to de- 
termine the contribution of continuum X-rays.  This is 
typically done by counting with the spectrometer set off 
of the K-line peak on the sample of interest or by count- 
ing on-peak on a standard containing none of the element 
of interest.  When measuring off-peak background intensities, 
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Table 6 - Standards for Electron Microprobe Work 
Standard Composition (wt,%) 
Fe - Ni alloy 49.81  Fe,  50.19 Ni 
Co 100.0 Co 
Phosphides in iron 
meterorite Lombard 
15.5 P,  25.0 Ni,  59.5 Fe 
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counts are taken both below and above the characteristic 
X-ray peak, and the intensities averaged. 
Once intensity data (peaks, backgrounds, and un- 
known) were obtained, it was processed through a ZAF cor- 
[23 241 
rection program, EPMX.   '     This corrected the inten- 
sities for the effects of atomic number, absorption, and 
fluorescence, which are due to electron beam/specimen 
[231 interaction.      The result was an accurate analysis by 
weight percent of each point of interest. 
Most samples were subjected to three quantitative 
micropfobe measurements: 1) detection of the Ni, Co, and 
P content of a representative sampling of metal grains, 
2) detection of elemental composition profiles across rims 
and across phase boundaries, and 3) detection of Ni con- 
tents of troilite grains. 
Ni, Co, and P were determined for -15-25 grain cen- 
ters in each of several specimens for the purpose of study- 
ing homogenization, P enrichment, and phase compositions. 
Samples studied with this technique include the eight re- 
heated chondrites previously mentioned, most heat treat- 
ment specimens, and Knyahinya and Wellman.  Grains probed 
were preselected during optical study in order to try to 
obtain a representative sampling.  Weight percentage data 
was handled in two basic ways: 1) average weight percents 
and ranges for each element in each sample were determined 
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and 2) histograms of number of grains vs. Ni weight percent 
were plotted to study homogenization in each sample. 
Microprobe measurements were also made in grain rims 
and associated phases, such as secondary kamacite and 
phosphides.  Step scans (points along a line at 0.5 to 
4ym intervals) were performed to obtain elemental profiles 
across phase boundaries and rim areas.  This data was use- 
ful in the study of homogenization and cooling rate ap- 
proximation.  Plots of wt.% Ni and wt.% P vs. distance were 
made to study the profile data. 
Point counts for Ni and P were taken in several 
troilite grains in most samples.  Average (and ranges of) 
Ni weight percent in troilite was determined for each 
sample. 
Detectability Limit 
When using the microprobe to determine the trace 
element composition (trace element is an element comprising 
less than 0.1 wt.% of total), it is necessary to consider 
the minimum compositional value that can be detected by 
the instrument.  In a few samples studied in this work, 
phosphorus was present in trace quantities.  The determina- 
tion of the phosphorus detectability limit for the opera- 
ting conditions used will be presented. 
The formula for calculating the detectability limit 
r 2 31 is as follows: 
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C /2   t1"?   S C       = s n-1     c 
where       C =  detectability   limit   (wt.%) 
L)J_i 
C_   = wt.% of element in standard 
N    = mean peak intensity off standard 
N_q  = mean background (continuum) intensity 
off standard 
1-ct t  n = term denoting confidence level n-1 J
S    = standard deviation 
c 
I/N + N_ ~/2~  y/N_,; where N_ = mean B  —      B B 
continuum intensity) 
n    = number of counts taken 
To determine the detectability limit, 26 point counts of 
P intensities were taken on the metal grains of Plainview, 
an unreheated chondrite: 
Cg   = 15.5 
Ns   = 123150 
N    = 826 
n    =26 
t1"? = 2.82 (at the 99% confidence level)[23] 
n-1 
S  ~ /2 AC   ~   /2   /826" ~ 40.6 
c —      B — — 
substituting: 
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15.5 /2    (2.82) (40.6) 
'DL (123150   -   826) r~-r 
V Z D 
Cnr   =   0.004   wt.% 
Sensitivity 
Also of interest when studying microprobe data is 
the accuracy of the data, or analytical sensitivity.  This 
is represented by percent error, e.g. ±2%.  The formula 
[ 231 for analytical sensitivity follows: 
AC ... _ 2.33 x (100) 
"c~ (%) ~ 
'nN 
where       AC   „ 
-=- =   % error 
n = no. of analyses 
N = mean intensity (No. of counts) at point 
of interest 
* 
As an example, the sensitivity for Ni counts where Ni-6 
wt.% is calculated: 
N = 44000 
n = 1 
AC = (2.33) (100) = ls, 
C
   /(l) (44000) 
Therefore, a composition found to be 6.0 wt.% Ni is accu- 
rate to within 1% (relative), i.e. ±0.06 wt.% Ni.  Simi- 
larly, sensitivities for higher Ni and P contents are 
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listed in Table 7. 
Qualitative studies of chondrites using the micro- 
probe were carried out with three basic techniques: (1) A 
solid state detector used in conjunction with a multi- 
channel analyzer was used to determine elements present in 
a given phase.  This was employed mainly in the identifica- 
tion of phosphates.  (2) X-ray scanning displays were used 
to study elemental distribution among phases and to search 
for phosphides and phosphates.  This was accomplished by 
scanning the electron beam over an area, usually ranging 
in size from 20ym x 20ym to 250ym x 250ym, known as a ras- 
ter.  The resulting X-ray intensity picture was displayed 
on a cathode ray tube screen.  (3) Defocusing the electron 
beam causes the beam spot to greatly increase in diameter 
on the surface of the specimen.  Since phosphates fluoresce 
with a yellow color (silicates with blue color) when ob- 
served in the light optics of the microprobe, this tech- 
nique was used in searching for phosphates.  Proper identi- 
fication of phosphates was then made using the solid state 
detector. 
Scanning Electron Microscopy 
An ETEC scanning electron microscope (SEM) was used 
to study fine structure and the occurrence of phosphides. 
The SEM provides an image of sample topography with excel- 
lent resolution and depth of field for magnifications 
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Table 7 - Analytical Sensitivities for Ni and P 
Sensitivity 
Composition Relative Percent Weight Percent 
6.0 wt. % Ni ±1  % ±0.06 wt. % 
10.0 ±0.8 ±0.08 
2 5.0 ±0.8 ±0.20 
0.03 wt. % P              ±5% 0.0015 
0.15 " ±4 0.006 
0.30 " ±3 0.009 
0.60 " ±2 0.012 
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ranging from 10X to 50,000X.  A detailed description of the 
principles and workings of the SEM is found in the litera- 
[23] 
ture.      A focused electron beam is scanned in a raster 
pattern on the sample surface.  Secondary electrons pro- 
duced are collected by a detector and the resulting signal 
forms an image of topography on a CRT screen.  Samples were 
fairly heavily etched (to provide substantial surface re- 
lief) and coated with a thin layer of carbon to prevent 
charge build-up on the surface.  Photographs of the topo- 
graphic images were taken with P/N 55 film. 
Heat Treatments 
After studying several reheated chondrites, the 
chondrite Knyahinya was selected for use in experimental 
heat treatments.  The criteria employed for its selection 
were: 
1) Unshocked or very lightly shocked (and "normal"; 
no extraordinary features) 
2) Type L5 preferred, since most of the severely 
shocked samples studied were L5. 
3) Non-weathered fall ("Fall" denotes meteorite 
actually seen to fall, as opposed to a "find.") 
A request was made to the National Museum for -20 
gms. of material from a chondrite that hopefully met the 
above criteria and was plentiful enough such that a small 
amount could be altered by heat treating.  The museum 
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provided 7.5 gnas. of Barwell and 23.5 gms. of Knyahinya, 
along with polished thin sections of each to be used as 
control specimens. 
Knyahinya was chosen for use because its structures 
were similar to those of very lightly reheated chondrites 
and it was a larger piece.  Barwell appeared to have re- 
acted strongly with the atmosphere and was very crumbly. 
According to Mason    , Knyahinya is an L5. 
Some of Knyahinya was cut into small pieces of ap- 
proximately one gram each, using a Buehler slow speed saw 
with a diamond wafering blade.  A slice ~3cm x 1cm and 
~lmm thick was also cut, which was sent out for shock ex- 
periments . 
Each heat treatment sample had a designation of 
HT# ; the numbers merely denote chronological order of 
experimentation.  HT#6 through #15 were each placed in a 
small aluminum oxide crucible and vacuum encapsulated in 
quartz tubing.  A small piece of tantalum foil was also 
placed in the capsule to act as an oxygen getter. 
Samples were treated by fast heating to a maximum 
temperature, T   , and cooled at a controlled rate.  It 
^ max 
was originally planned to treat a series of samples with 
maximum temperatures in the range of 600° - 1350°C, and 
cooling rates ranging from ~l°C/sec. to l°C/hr.  These 
temperatures and cooling rates were chosen because they 
were in the range of estimates given by previous 
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investigators (see Table 4) and because it seemed reason- 
able that such treatment would produce some or all of the 
structures seen in reheated chondrites.  The first treat- 
ments employed hiqh T    and fast coolinq rates.  Subse- c
     
J
^        max ^ 
quent treatments were planned after studying the samples 
from previous treatments.  The chart in Figure 15 identi- 
fies each heat treatment by T    and cooling rate. J
     max ^ 
Three different types of furnace set-ups were em- 
ployed.  The high T   , fast cooling rate experiments 
(HT#1 through 5) were run with a LeMont vertical Mo-coil 
furnace. 
Samples HT#1, 2, and 3 were held in Al^O., crucibles, 
hanging in a tungsten wire basket, which in turn was hooked 
on a nichrome wire attached to electrical leads.  A thermo- 
couple, leading to a calibrated AZAR (with chart recorder), 
was positioned directly above the sample in the hot zone. 
(All thermocouples used in this work were Pt/Pt-13Rh.)  By 
flowing argon gas through the furnace muffle, oxidation of 
the sample was prevented.  In order to heat the sample to 
T    as quickly as possible, the furnace hot zone was set max    ^ J f 
higher than T   .  The sample-thermocouple assembly was 
max c -1 
placed in the furnace from the top and heat-up was recorded 
and observed on the chart recorder.  As the sample tempera- 
ture passed through T    (±3°C), the bottom of the muffle L
^       max       ' 
was opened and the sample dropped out by passing a current 
through the supporting nichrome wire, breaking it.  The 
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Cooling Rate (°C/sec) 
-5x 10   8 x 10    7 x 10     1 x 10     2 x 10 
(Quench)  (~5°C/min) (25°C/hr)  (l00°C/day)  (100°C/wk) 
1250°C 
1150° 
max 1050° 
1000° 
900° 
HT#1,2 5 
■ 
15 
3 4 6 7 13 
11 12 14 
8 
i 
10 9 
Figure 15 - Heat treatment plan. 
53 
sample fell into a can of water, resulting in a quench. 
The hot zone was set 15°C higher than T    for 
^ max 
HT#1, and the sample required ~5 min. to reach 1250°C. 
To provide faster heat-up, the hot zone was set 100°C 
higher than T    for HT#2 and 3.  HT#4 and 5 were treated 
^ max 
in the same furnace, but without quench.  Once these speci- 
mens reached T   , the furnace was simply turned off and 
max *  J 
the "furnace cool" cooling rate recorded with the AZAR 
unit. 
HT#6 through 15 were treated in a Marshall model 
1215 horizontal wire wound resistance furnace linked to an 
L & N Electromax controller.  A Trendtrak programmer was 
in turn used to control the Electromax.  The Trendtrak 
has an electric eye which "reads" a pre-plotted temperature 
vs. time curve, causing the furnace to cool at a specified 
rate.  The Trendtrak unit was calibrated with the actual 
hot zone temperature using an L & N #8686 potentiometer. 
Each encapsulated sample was placed in the hot zone at its 
specified T    and the programmer was turned on.  A thermo- 
^        max        ^  r 
couple (attached to the potentiometer) was placed adjacent 
to the sample, enabling periodic checks of temperature. 
Samples were cooled in the furnace to ~475°C, the lower 
limit of the programmer, then removed and allowed to air 
cool. 
Each heat treatment sample was retrieved and mounted 
in 2.54 cm diameter epoxy mounts.  Polishing and etching 
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techniques were the same as for the reheated chondrites. 
Shock Treatments 
Shock experiments were performed on two small slices 
of Knyahinya.  This was accomplished at the Johnson Space 
Flight Center in Houston.  One piece, ST#1, was shocked 
to 70.4 GPa (704 kbar); another, ST#2, was shocked to 40.1 
GPa (401 kbar). 
roc  Tci 
According to Gibbons   '   , a 20mm caliber flat 
plate accelerator was used to shock load the samples in a 
vacuum of less than 0.76 torr.  Type 304 stainless steel 
containers were used to hold the samples, which were discs 
of approximately 5mm in diameter and 1mm thick.  Peak shock 
pressures are induced by the impact of the flying plates 
on the containers.  The duration of the shock pulse in a 
typical experiment is ~ly sec.  Pressures are determined 
by graphical impedence techniques using Hugoniot data and 
are accurate to approximately ±3%. 
Pieces recovered from the two shots were returned 
as polished thin sections.  ST#1 consisted of one piece 
~5mm long and -2mm wide.  ST#2 consisted of six pieces 
ranging in size from ~lmm to ~3mm. 
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RESULTS 
Results are presented for the various microstructur- 
al and chemical criteria used to study reheating in the 
chondrites Farmington, Ramsdorf, Orvinio (It.), Wickenburg, 
Lubbock, Rose City, Arapahoe, and Tadjera.  In general, 
results consist of photomicrographs, data from microprobe 
measurements and SEM photographs. 
Photomicrographs of the eight reheated chondrites 
and selected heat treatment samples (HT's) are shown in 
Figures 16 through 37.  Symbols on the figures are keyed 
as follows: M denotes martensite (a„), T denotes troilite, 
a denotes secondary kamacite, Ph is phosphide, m is metal, 
and y denotes taenite.  Where mentioned, individual HT's 
will be identified by number with T    and cooling rate J
max ^ 
in parenthesis, e.g. HT#3 (1150°C, Quench). 
Figures 16 through 23 feature martensitic struc- 
tures in the reheated chondrites.  Martensite can be ob- 
served in all eight of these chondrites.  Secondary kama- 
cite is observed in five of them: Farmington, Wickenburg, 
Lubbock, Rose City, and Arapahoe.  Evidence of metal- 
troilite remelting can be observed as rounded metal- 
troilite boundaries or metal agglomeration within troilite 
in Figures 16 to 18, 21, 23.  Figures 24 through 26 show 
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Figure 16 - Typical Farmington metal grain.  a„ martensite 
(labeled M) is predominant structure,  Troilite 
(T) and secondary a (a) are also present.  Dark 
grey matrix is silicate. Nitaletch.  Marker = 
25 urn. 
Figure 17 - Typical Ramsdorf metal grain. Most of grain is 
a. Light-etching high Ni rim (open arrow) 
Trolite surrounds the metal. 
Marker = 25 ym. 
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surrounds a 
Nital etch. 
2' 
Figure 18 - Orvinio (It.) metal grains agglomerated with 
troilite.  Note coarser, blocky a„ structure, 
Nital etch.  Marker = 25 yin. 
Figure 19 Wickenburg metal grain consisting of a~   and 
secondary a.  Troilite is badly stained in this 
photo.  Nital etch.  Marker = 25 um. 
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Figure 20 - Lubbock metal grains with a„ in the central 
areas and secondary a in much of the rim areas, 
Troilite is present in small grains.  Nital 
etch.  Marker = 25 ym. 
Figure 21 - Rose City Metal:  a~ with secondary a.  Note 
taenite (a).  Nital etch.  Marker = 25 ym. 
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Figure 22 - Arapahoe metal grain; predominantly a , minor 
amounts of secondary a.  Some small troilite 
grains.  Nital etch.  Marker = 25 ym. 
Figure 23 - Tadjera metal within troilite.  Note coarse 
ctp structure.  Nital etch.  Marker = 25 ym. 
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Figure 24 - Metal grain in HT #11 (1050°C, 25°/hr) with 
a„ structure. Note roundina of metal-troilite 
boundaries, indicating remelting.  Nital etch. 
Marker = 2 5 ym. 
Figure 25 - Metal and troilite in HT #15 (1250°/day). 
Metal predominantly a~ with light-etching 
(high Ni) rim.  Nital etch.  Marker = 25 ym. 
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Figure 26 - Metal and troilite in HT#4 
Note "reliefy" appearance. 
Marker = 25um. 
(1150°C, 5°/min) 
Nital etch. 
Figure 27 Metal in KT#14 (1050°C, 100°/wk). 
structure does not appear to be a 
precipitates are phosphides. 
Marker = 25um. 
Nital 
Metal 
White 
etch. 
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Figure 28 - Metal agglomerated within troilite in Ramsdorf 
Note the light-etching rims of the metal. 
Nital etch.  Marker = lOOym. 
Figure 29 Typical metal grains of Orvinio (It.).  Metal 
is coarse 012 •  Note appearance of rounded 
metal blebs with troilite envelopes.  Nital 
etch.  Marker = 10ym. 
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Figure 30 - Metal grains in Lubbock, displaying rounding 
of metal-troilite boundaries, similar to 
Orvinio (It.).  Nital etch.  Marker = 10um. 
Figure 31 - Metal-troilite agglomerate in Rose City, 
etch.  Marker = lOOym. 
No 
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Figure 32 Metal blebs within troilite in Arapahoe.  Note 
that troilite is totally surrounding rounded 
metal, indicating remelting.  Nital etch. 
Marker = 10ym. 
Figure 33 - Metal and troilite of Wickenburg.  Note that 
metal and troilite are finely intermixed in 
central area of photo, indicating a eutectic 
structure.  (Metal is lightest phase, troilite 
grey.)  Major mass of metal is 
Marker = lOym. 
a 2* No etch. 
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Figure 34 - Metal dendrites within troilite in HT#3 
(1150°C, quench).  Metal is white, troilite 
grey.  Marker = lOym. 
Figure 35 - Metal agglomerated 
(1250°C, 5°/min). 
rim metal which is 
No etch.  Marker = 
in troilite in HT#5 
Open arrows point out 
higher in Ni content. 
25ym. 
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Figure 36 HT#9 (900°C, 100°/wk).  Metal grain with 
troilite rims.  Note rounding of metal- 
troilite boundaries, indicating remelting, 
No etch.  Marker = 10ym. 
Figure 37 - Metal and troilite in Knyahinya.  Note metal- 
troilite boundaries are more irregular (vs. 
rounded boundaries seen in remelted chondritic 
Fe-Ni/FeS).  No etch.  Marker = 2 5ym. 
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martensite structures in HT#11, 15, and 4.  Note the simi- 
larity of Figure 25 (HT#15) to Figure 17 (Ramsdorf).  Al- 
though Ramsdorf is more heavily etched, both of these 
specimens have grains of lath a„ with a light-etching rim 
and very rounded metal-troilite boundaries.  Figure 27 
shows typical metal of HT#14 (1050°, 100°/wk.), which does 
not appear as a„.  A few of the metal grains in HT#14 had 
numerous phosphides as in Figure 27. 
Remelt appearances observed in reheated chondrites 
and HT's are featured in Figures 28 through 36.  Figure 37 
shows typical metal-troilite association of an unmelted 
chondrite.  Typical remelt appearances are: agglomerated 
metal in troilite  (e.g. Figure 28), small rounded metal 
grains surrounded by troilite  (e.g. Figure 29 and 30), 
rounding of boundaries between metal and troilite (e.g. 
Figure 16), and fine eutectic or dendritic mixtures of metal 
and troilite (Figures 33 and 34). 
Average elemental (Ni, P, Co) compositions of metal 
grain centers of eight reheated chondrites, one unreheated 
chondrite, and fourteen HT's are given in Table 8.  Ex- 
amples of values from which averages were calculated are 
given in Appendix A for the chondrite Farmington.  Ni and 
Co compositions in the reheated chondrites' metal are 
fairly homogeneous and average between 8 and 13 wt.% Ni 
and between 0.4 and 0.7 wt.% Co.  Ni and Co compositions 
for Knyahinya (unreheated) and the HT's ranged widely. 
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Averages are not reported due to the inhomogeneity and 
inadequate number of points taken.  Five out of eight of 
the reheated chondrites (Farmington, Ramsdorf, Orvinio, 
Lubbock, Rose City) had relatively high (>0.10 wt.%) phos- 
phorus in the metal, indicating that phosphides might be 
present in the metal.  Wickenburg, Arapahoe, and Tadjera 
had relatively low P in the metal (<0.10 Wt.%).  The un- 
reheated chondrite Knyahinya (same material from which HT's 
were cut) had very low P.  The more slowly cooled and 
higher T    HT's had the highest P in metal, HT#15 having 
^     max ^ ^ 
the most (0.83 wt.%). 
Average grain edge compositions (Nj. and P) are 
listed for the eight reheated chondrites in Table 9.  Each 
time a grain edge was measured, the center of the same 
grain was also measured.  Averages of these grain center 
measurements are listed in Table 9 for comparison with the 
edge compositions.  Notice that there is an increase in Ni 
at grain edges of all reheated chondrites studied, the 
greatest increases occurring in Ramsdorf, Tadjera, and 
Lubbock.  In general, P compositions are less at the edge 
than in the center.  Ni and P profiles (composition vs. 
distance) are plotted in Figures 38 and 39 for typical 
grain rims of Ramsdorf and Tadjera, respectively.  Ni and 
P profiles are also given in Figures 40 and 41 for HT#11 
(1050°C, 25°/hr.) and HT#15 (1250°C, 100°/day), respective- 
ly.  Data from which Figure 38 profiles were plotted is 
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Table 9 - Average Grain Edge Compositions 
Specimen 
Farmington 
Ramsdorf 
Orvinio (It.) 
Wickenburg 
Lubbock 
Rose City 
Arapahoe 
Tadjera 
*Edge 
Composition 
(wt.%) 
No. Grains  Ni    £ 
14.1  0.12 11 
10 
9 
6 
13 
6 
5 
11 
Central 
Comp. 
(wt.%) 
Ni   I General Comments 
12.4 0.14 Edge~2-4% higher 
21.4 0.34 10.3 0.41 Edge~8-20 higher 
12.5 0.33 8.0 0.44 Edge 1-8 higher 
15.2 0.030 13.4 0.038 Edge~l-2 higher 
15.6 0.17 11.2 0.17 Edge~2-10 higher 
8.9 0.37 8.6 0.60 Edge<l higher 
14.2 0.010 13.5 0.013 Edge~l-2 higher 
16.5 0.045 10.9 0.046 Edge~2-20 higher 
founts were taken at edges of either a?  structures or light-etching 
rims of a~ grains.  Secondary a was avoided. 
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found in Appendix A.  The trend of increasing Ni and de- 
creasing P at grain edges has been noted by previous in- 
vestigators for Orvinio (It.)   , Lubbock"- ', and Rams- 
dorf ^. 
Those chondrites with secondary kamacite (a) are 
listed in Table 10.  This table lists kamacite composition 
and adjacent a_ (formerly y) interface composition. 
Secondary kamacite can be seen in Figures 16, 19-22, 32. 
Profiles of Ni and P across secondary a are plotted in 
Figures 42 and 43 for Farmington and Arapahoe, respective- 
ly.  Secondary a  was not observed in any of the HT's. 
Secondary a is apparently a result of relatively slow 
cooling, probably slower than the cooling rates of the 
HT' s. 
Thin laths of taenite (y) were observed at a„ grain 
boundaries in Rose City and Wickenburg.  This mode of 
occurrence of y in Rose City was fairly common and can be 
seen in Figure 21.  Taenite in Wickenburg occurred in the 
same manner as in Rose City, but it was thinner and much 
less common. 
Table 11 lists reheated chondrites and HT's which 
have phosphides in their metal-troilite assemblages. 
Table 11 also lists phosphide and metal interface composi- 
tions and some remarks about each sample's phosphides. 
Note that the reheated chondrites which contain phosphides 
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Table 10 - Secondary Kamacite Compositions (interface composition of 
*a?  also listed) 
Specimen 
a Ave. 
Comp.(wt.%) 
No. Points   Ni     P 
an   (formerly y) 
at a/ot~ interface 
Ni       P Comments 
Farmington 
Wickenburg 
Lubbock 
Rose City 
Arapahoe 
7.0  0.17   -19     -0.08   Fairly common 
~5-10um wide 
6.6  0.09   -13-15  -0.04 
7.0   0.22   -11 
6.2  0.31   -10 
6.7  0.022 
Very common 
up to ~20um wide 
-0.11   Not too common 
up to~10umwide 
-0.10   Very common 
up to -lOurn wide 
-0.007  Pretty common 
but thin~<5um 
^a9 was actually y  at the temperature at which secondary a grew, 
76 
30 
25 ■ 
*.   
20 
c 
o 
I l5 
c 
a> 
o 
O    10 o 
Farmington 
a Ni 
1 •P 
Tr    1 
1 
1 
1 
1 
1 
1 
1 
o< 1                  <x.2 
|     °°o 
i                 a 1° 
|                             D a ° a a 
J 
a 
loo o o o o D   D      1 
■!» 
• 
• • • 
• 
•      ■
1 
°   1 • B     *l    , 1 . 
o 
o 
r> is 
a 
0.2    2 
0.1 
■— 5nm—' 
Distance 
Figure 42 - Ni and P profiles across secondary a in 
Farmington. 
30 
25 
? 
^ 20 
a> 
o 
O   10 o 
Arapahoe 
o   Ni 
• p 
Tr 1     ot.     i           i*2 
1             Koo    D    D    □    D    o 
a |o o °     | 
D 
11... 
°\          .     1    .• 
• 
o o 3 
a 0.04   =«•. 
o 
0.02   * 
»— 5/im—• 
Distance 
Figure 43 - Ni and P profiles across secondary a in 
Arapahoe. 
77 
13 
0 
P 
rt 
0 
X! 
0 
Oi 
M-i 
O 
tO 
0 
bO 
o3 to 
i—i CD 
X) i—1 
6 a. 
O) 
CO i 
co co 
< 
+-> 
<D P 
4-> CD 
■H g 
i—1 •M 
•H o3 
o 0 
fH fn 
i 
E- 
r-H +-> 
oS 03 
+J 0 
0 X 
2 
-a 
P c 
■H o3 
UI to 
0 0 
13 ■P 
•H •H 
x: t-t ftxt 
to e 
o o 
x: X 
D- CJ 
-8 
E- 
o c 
•   4-> 0 P 
rH 0 o 
4->    PH 3 
■^ .3 • 4-1 
CM 0 0 • 
a T3 X> 0 
• •H 4-1 /—-i 
4-1    CO 3 co •H C+H 
CO     0 x: r-H fH 
• H g P •H O 
CO f-l    fn P rt O • i3 
^ 3   OS K) i-H fH 0 CO 
fn U -p 1 4-1 13 6 
03 O   C CM P ■H rt 
6 O   3 I •H o£T 3£ 0- 
O O x: 
OS -X) >^ 4-> CO g fH 
0 i-H g P. O 
fH     fH i-H r-H •H r-H C4H 
Oj   4-> a3 OS fH 
fn -^ P p MH CO 3 CO o ■H O 03 
X^ 3 ■H z 
r—1     CM CO fH 0 
fn a g ct3 x: 0 g 
• H P- O b0l3 o3 
03   fn o O ■H fH CO 
P-,    O r-H O x; O 
o 
u 
0 
o 
03 
C4H 
fH 
0 
0 
CO 
03 
x: 
P- 
03 
0 
e 
4-> 
P 
0 
CJ 
o3 
•r-> 
< 
o 
o 
II 
p- 
6 
o •H 
u ■z 
0 CM 
13 t-O 
• H a 
x: •V 
p a. 
to LO 
o • 
x: in 
PH i—i 
P 
o 
P 4-1 
0 bO 
6 P 
•H •H 
O g 
0 fH 
PH 03 
co PL. 
CO 
P 
•H 
03 
fH 
C4H 
o 
to g 
bO 
p 
•H 
x: o 
0 
x; 
bO 
fH 
O ,—* 
C4H    CO 
4-1 ■-H     0 
0 
e 
0 
fH p 
to 
03 
0 g 
o3 
6 
co 
o 
o 
•p 
fH 
O 
13 
to 
g 
o3 
OS 
r-H 
00 
PH" 
<* 
O 
II 
. fH 
fH O o 
4-1 4J co •H 
-^ 0 fH 
fH     CO     PH CMPH •H 0 
P    03    p a o fH 4-1 
O 03 T3 c • 
CJ    >^     - 4-1 -o 0 •H to 
O   r-H   ^S 03 • C 4-> p 
r-H      O CO P o3 P •H 
«   03   -H fH 0 o fH ■H 03 
r-i P x; P • H X) 0 • fH 
P     </)    4-> CJ fH • g 0 -P bfi 
C4H    p CJ 03 p • O N 0 
•H             g o T3 o fH i—1 •H PH r-H 
4-1       -    P- C •H 4-1 bO CO o3 03 
P     fn   CM P CO —^ bO x; 4-1 
0   4-1      1 • O c r-H o3 P CO 0 
r-H                r-H c X) 0 03 •H 1 g 
PH"7      ) o 6 4-J 0 CJ £ fH • H 0 bO g •H 0 
>~>   CM   CO £ 4-1 13 S fH P rP r-H 
H    SX o ^^ o3 LO & 
PH 
0            4-1 • CJ a P ■P i—i V P 
4->    P    03 g ^~^ •H Ctf r-H o 
03     0    r-H P. X Csl 0 bO o 
fH     0 LO 4-1 a 6 -P C • o 
0     2     P ? 4-1 P- P o CO fH o3 
13   4-1  -H 0 -a O P CO 0 
o 0 x; o fH c r-H O c o3 •H C+H 
2   X>   4-> 4-1 OH 03 I P-, •H e n: O 
S2 
(Nl 
PH 
K) 
r-H 
O 
II 
3 
o f—^ 
<4H to •H 
4-1 2 
r-H P 
r-H 0 Ch 
03 g CM 
g 0 
CO fH 
P PH 
o to 
o o3 "vl- 
4-1 0 • 
'—' S ■<* 
p 
•H 
> 
fH 
o 
U 
o 
X) 
XI p 
2 
to 
00 
*\ 
p- 
r-H 
O 
II 
CM 
a 
•H 
2 
CTl 
00 
O 
II 
2 
oo 
OH 
oo 
o 
II 
"H/ •H 
CM 
1 
•H 
2 z 
o r-H 
CM -3- 
00 
r-~ 
•» •* 
PH *1 
PH 
PH 
o ai 
• LO • 
LO r—t LO 
1—1 ; r-H 
>, 
4J 
•H 
U 
CM n- 
0 r-H r—1 
CO H* H^ 
O H H 
OH X a: 
78 
Figure 44 - Phosphide lath between metal and troilite in 
Ramsdorf metal grain.  SEM photo.  Marker = 4pm. 
Figure 45 - SEM photo of phosphide between metal and troil- 
ite in Rose City.  Nital etch.  Marker = 7ym. 
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Figure 46 - Lubbock metal grain featuring phosphide be- 
tween metal and troilite.  Marker = 10ym. 
Figure 47 - SEM photo of Lubbock phosphide seen also in 
Figure 46.  Nital etch.  Marker = 2.3ym. 
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a) Photomicrograph showing three phosphides 
Nital etch.  Marker = lOym. 
b) P x-ray intensity display.  c) Ni x-ray intensity display. 
Arrow at phosphate.  Mar-      Marker = lOym. 
ker = lOym. 
Figure 48 - Phosphides in Farmington metal grain.  All 
three photos show same area. 
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Figure 49 - SEM photo of largest phosphide observed in 
Farmington.  Can be seen at lower magnification 
in Figure 48a.  Nital etch.  Marker = 2.3ym. 
82 
4U 
Farmington 
- Ni 
40 . p          ■ 
Tr             1    Ph    j          ex          |              <*2 
35 
1**1                       1 
30 
Pi 
c 
o 
o 
k_ 
c 
<u 
u 
c 
o 
u 
25 
20 
15 
i          ni 
*          1 
I 1                              1     n n a □ D D c II la
10 1               1                         ol 
1              |D^DO° 
5 
n 
D 
• 1                                 1                                                             I 
|-I0«nn-' 
Distance 
20 
• 15 
O 
o 
Figure 50 - Ni and P profiles across phosphide (Ph) in 
Farminqton. 
83 
HD 
Rose City 
40 
Tr           1    Ph    1      at,     ' 
D  Ni 
• p 
20 
35 
1**1              1 
16 
-S  30 15 S« 1      i        1 T3 ? O 
c
   25 
• O 
3 
O 
o 
k_ D 
CD 
3 
£   20 |DD       °l                        1 10 D 
—•• o 
c 6 
o 3 
C_> „—k 
Z   l5 
* 
10 5 
1             1              iona 0 4 
1                |Q               ■ 
4      I DQDI 3 
5 
• 
2 
1 
0 .g I    . i •••*..* • 0 
— 5iim— 
Distance 
Figure 51 - Ni and P profiles across phosphide (Ph) in 
Rose City. 
84 
have P in metal averaging >0.10 wt.% (from Table 8). 
Phosphides apparently nucleate mostly at the a-troilite 
or former y-troilite boundaries in reheated chondrites. 
Phosphides in the HT's were very different from those in 
the chondrites.  HT phosphides contain much lower Ni con- 
tents (7-9 wt.%).  In HT#14 (1050°C, 100°/wk), phosphides 
were found in grain interiors (see Figure 27).  Photo- 
micrographs, SEM micrographs, and X-ray display photos of 
phosphides in reheated chondrites are given in Figures 4 4 
through 49.  Ni and P profiles across phosphides are shown 
in Figures 50 and 51 for Farmington and Rose City respec- 
tively. 
Average Ni values in troilite are given for the re- 
heated chondrites and HT's in Table 12A.  Table 12B lists 
Ni in troilite averages for a few unreheated chondrites. 
Ni in troilite has been measured very close to the de- 
tectability limit, indicating very little or no Ni in 
troilite.  The reheated chondrites have slightly higher Ni 
in troilite, ranging from 0.02 to 0.31 wt.%.  Ramsdorf and 
Tadjera have the highest averages of Ni in troilite, 0.11 
wt.% and 0.31 wt.% respectively.  Note the trend in HT 
values of Ni in troilite; Ni in troilite decreases as the 
cooling rate of the sample decreases. 
Examples of bleb and veinlet appearances are shown 
in Figures 13 and 14 respectively.  Table 13 lists bleb 
and veinlet occurrence for reheated chondrites and Table 14 
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Table 12 - Ni Contents of Troilite 
A. Reheated Chondrites and Heat Treatment Samples 
Specimen 
Farmington 
Ramsdorf 
Orvinio (It.) 
Wickenburg 
Lubbock 
Rose City 
Arapahoe 
Tadjera 
HT #3 (1150°C,quench) 
HT#4 (1150°C,5°/min) 
HT#6 (1150°C,25°/hr) 
HT#11 (1050°C,25°/hr) 
HT#7 (1150°C,100°/day) 
HT#15 (1250°C,100°/day) 
HT#14 (1050°C,100°/wk) 
No. Pts. Ave. Ni (wt.%) in troilite 
9 0.08 
10 0.11 
10 0.08 
5 0.02 
9 0.04 
10 0.08 
10 (<0.05) 
10 0.31 
10 6.05 
10 1.29 
10 0.80 
7 0.20 
7 0.22 
8 0.19 
9 0.15 
B. Unreheated chondrites 
Specimen 
Knyahinya 
Wellman 
Bath 
Cynthiana 
*N.D. means none detected.  The detectability limit is 0.01 wt.%. 
No. Pts. Ave. Ni (wt.%) in troilite 
10 0.02 
5 N.D.* 
5 N.D. 
5 N.D 
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lists same for HT's.  Tables 13 and 14 summarize some of the 
results for the reheated chondrites and HT's, respectively. 
ST#1 (70.4 GPa shock pressure) was a difficult 
specimen from which to obtain results, since it was very- 
small and only contained one grain of metal larger than 
25pm;  The plessite structure of this grain is very simi- 
lar to that seen in Figure 6.  Microprobe measurements 
were "taken on this grain plus a few of the small blebs 
(~10pm) found in the silicate.  No homogenization or P en- 
richment had occurred. 
ST#2 (40.1 GPa shock pressure) had several large 
metal grains, and all had a plessite structure.  No re- 
melt structures or a~ were observed in ST#2.  Microprobe 
measurements were not made on ST#2, due to its lack of re- 
heat characteristics.  Both ST#1 and ST#2 appear to be un- 
altered by shock when compared to the control (Knyahinya). 
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DISCUSSION 
Application of Criteria to Thermal History Estimations 
Each reheated chondrite was studied with respect to 
several metallographic criteria: martensite, remelted 
appearance, phosphorus enrichment, homogeneity (from grain 
to grain), nickel gradients in grain rims, nickel content 
of troilite, phosphides, and secondary kamacite.  Study 
of each criterion resulted in information leading to the 
characterization of the thermal histories of reheated 
chondrites. 
As results were gathered from heat treatment speci- 
mens (HT's), it was realized that the conditions of re- 
heating in outer space could not be accurately duplicated 
in the laboratory.  The most obvious problem was that much 
of the molten Fe-Ni-S ran out of the samples during heat- 
ing, leaving networks of pores throughout most of the 
samples.  HT studies did, however, provide some usable re- 
sults which were applied largely in a qualitative way. 
Martensite 
r 61 
As Taylor and Heymann    concluded, the presence of 
martensite (a2) i-n chondrites indicates that the metal had 
undergone intensive heating into the taenite field (see 
Figure 7) with subsequent fast cooling.  Precisely how 
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fast the metal must cool to transform metastably from y 
to a~ is unknown, however cooling rates of iron meteorites 
with equilibrium a + y structures have been estimated to 
be on the order of 1° to 100°C/106 years. 27] 
Various morphologies of martensite were observed, but 
this variance is merely due to compositional differences 
and reveals nothing of the thermal history of the meteor- 
ite.  Martensite observed in the reheated chondrites 
appears to be lath martensite, which is predicted for Fe-Ni 
of <29 wt.% Ni.[28] 
The presence of martensite in chondrites indicates 
that the metal has been reheated to greater than ~800°C 
and cooled relatively fast (probably much faster than 
100°C/10  yr.).  Martensite presence reveals no quantita- 
tive information about cooling rate or maximum temperature 
of reheating. 
Remelted Appearance 
Remelted appearance includes several features observ- 
able in the optical microscope: rounding of metal-troilite 
boundaries, metal spheroids engulfed by or agglomerated 
within troilite, tiny blebs of metal and troilite scattered 
in the silicate, veinlets of metal and troilite in the sili- 
cate, and metal-troilite eutectic structures.  Comparison 
of these structures suggests a relative ranking of re- 
heated chondrites based on the extent of remelting ex- 
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perienced.  For example, a chondrite with many rounded 
metal grains engulfed in troilite was probably at a higher 
post-shock residual temperature (T ) than a chondrite with 
occasional rounded metal-troilite boundaries. 
[291 According to the Fe-Ni-S phase diagram    , a mixture 
of solid FeS and metal would start melting between 900° 
andJ1000°C.  Very few instances of remelted appearance 
were observed in HT's with T    = 900°C, so the lower limit 
max 
for chondritic metal-troilite is taken as ~900°C.  Remelt 
appearance reveals little about cooling rate.  HT's that 
were quenched showed a fine dendritic structure of metal 
within troilite.  None of the reheated chondrites studied 
contained this type of structure. 
Phosphorus Enrichment 
The presence of phosphorus in amounts greater than 
-0.025 wt.% in chondritic metal is an indication of reheat- 
ing and probably remelting. Chondritic metal which ex- 
hibits other symptoms of severe reheating often has a P 
content substantially greater than the P content of un- 
reheated chondritic metal.  As mentioned previously, Taylor 
r c I 
and Heymann    postulate possible reactions for the reduc- 
tion of chondritic phosphates and subsequent solution of P 
in the metal.  Phosphate is the logical source of P in 
chondrites, so this explanation seems probable. 
Friel and Goldstein     have shown experimentally 
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that it is possible to dissolve P in solid Fe by reduction 
of phosphate.  By heating Fe chips and Ca-.(PO.)  powder' to 
J
     2 
950°C (with controlled oxygen fugacity, f  ), these investi- 
°2 
gators have reduced as much as 0.9 wt.% P into the Fe.  Re- 
sults of their work indicate that oxygen fugacity of 1.5 to 
4 orders of magnitude below the Fe-FeO equilibrium fugacity 
are necessary to dissolve P in solid Fe. 
Figure 52 shows curves of log equilibrium f   vs. 1/T 
°2 
for Fe-FeO(I-W) and the quartz-fayalite-iron (Q-F-I) re- 
actions.  The curve labeled CPX-I/WHIT-OPX is experimental 
data from Friel and Goldstein     on the reaction: 
3 CaMg(Si03) + 402 + 3Fe+2 (P) Fe-»Ca3 (P04 ) +3MgFe(SiC>3) . 
[31] This reaction is proposed by Olsen and Fuchs     to explain 
P solution in metal-phosphate equilibrium.  In their re- 
Fe 
action, the activity of phosphorus in iron (a  ) was arbi- 
ir 
trarily set at 0.003 (0.167 Wt.%) and a°px at 0.065 based J Fe 
on meteoritic values.      Variations of these values with- 
in chondritic ranges have neligible effect on the equili- 
K •   *   [32] brium f 
°2 
.   [33] Williams     has measured the f   of several equili- 
°2 
brated chondrites and his data falls between the I-W and 
CPX-I/WHIT-OPX curves for the temperature range of 500- 
1200°C.  This result indicates that Fe would be reduced 
and P would be oxidized (appearing in phosphates).  This 
condition is observed in unreheated chondrites, where metal 
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Figure   52   - Curves of log equilibrium f   vs. 1/T for 
the Fe-FeO(I-W), quartz-fayalite-iron(Q-F-I), 
the CPX-I/WHIT-OPX curve is plotted from ex- 
perimental data, [30] The solid square shows 
approximate equilibrium f   for L and H type 
2       [33] 
equilibrated chondrites at ^.880°C. 
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is in reduced form and extremely low P contents of metal 
are reported. 
Upon reheating of chondritic material, it would seem 
that the f   must change from the equilibrium chondritic 
values in order for phosphorus reduction to occur.  Oxygen 
fugacity must be lower than the equilibrium f   for CPX- 
I/WHIT-OPX (or another similar reduction reaction) in or- 
der for P reduction to occur at a given temperature. 
There are several possibilities for phosphate reduction 
during and after the reheating event.  In a closed system 
the rise in temperature may occur rapidly while the chon- 
drite may retain its lower f   for a much longer period of 
time.  In an open system, reduction by dissolved gases or 
a reducing agent such as carbon or carbon monoxide (Taylor 
r fi i 
and Heymann   ) may lower the f   well below the equili- 
°2 
brium value. 
The amount of phosphorus enrichment is probably most 
dependent on the residual temperature (T ) of the shock 
event.  The kinetics of P diffusion and the intimate con- 
tact of phosphate with metal would be increased during a 
partial melting stage.  Experimental evidence indicates 
that this relation with T may be at least partially true. 
Those chondrites with a greater amount of P enrichment in 
metal generally exhibit other evidence of severe reheat- 
ing, such as extensive remelted appearance and homogeneity, 
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The HT specimens were closed systems during heating, 
having been vacuum encapsulated in quartz tubes.  Tantalum 
(Ta) foil was also placed in the capsules for the purpose 
of preventing oxidation of metal due to remaining oxygen 
in the capsules.  Since the equilibrium f   for the Ta- 
— 2 8 
Ta^O^ reaction is very low (-5.6 x 10    at 900°C), the 
tantalum reacted with almost all of the available oxygen. 
This reaction buffered the f   in the system to well below 
°2 
the f   required for P reduction.  P enrichment of metal 
°2 
occurred to various degrees in all HT's with T  > 1000°C. 
HT#15 (1250°C, 100°/day) metal had the highest average P 
content, 0.83 wt.%.  It is also noted that for a given 
T   , P content of the metal generally increases as cool- 
ing rates decrease to a limit of 100°C/day (see Table 14). 
Metal Grain Center Compositions 
The variation of Ni contents in the centers of metal 
grains of each sample was used as a guide to the homo- 
geneity of the reheated chondrites and HT's.  Histograms 
of the number of grains vs. central Ni content are given 
for two unreheated chondrites, eight reheated chondrites, 
and two HT's in Figures 53 through 64.  The effect of re- 
heating on the variation of metal grain center compositions 
can be seen by comparing histograms for the unreheated 
chondrites (Figures 53 and 54) with those for reheated 
chondrites (Figures 55 through 62).  Reheating and remelting 
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25 30 35 
wt%Ni 
Figure   53 Knyahinya histogram of number of grains vs. Ni 
content at grain centers.  Note two distinct 
groupings of Ni content.  10 grains measured. 
Figure 54 Wellman histogram of number of grains vs. Ni 
content at grain centers.  23 grains measured, 
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Figure   55 Farmington histogram of number of grains vs. 
central Ni content.  Note averaging out of 
composition (in contrast to extreme groupings 
for unreheated chondrites, Figures 53 and 54) 
20 grains measured. 
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Figure 56 - Ramsdorf histogram of number of grains vs 
central Ni content.  30 grains measured. 
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15 20 25 
wt%Ni 
30 35 40 
Figure   57 Orvinio (It.) histogram of number of grains 
vs. central Ni contents.  20 grains measured, 
10     15     20     25 
wt%Ni 
Figure 58 - Wickenburg histogram of number of grains vs 
central Ni contents.  20 grains measured. 
100 
15    20    25 
wt%Ni 
40 
Figure 59 - Lubbock histogram of number of grains vs. 
central Ni contents.  20 grains measured, 
Figure 60 - Rose City histogram of number of grains vs. 
central Ni contents.  20 grains measured. 
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Figure 61 - Arapahoe histogram of number of grains vs 
central Ni contents.  25 grains measured. 
15 20 25 
wt%Ni 
30 35 40 
Figure   62 Tadjera histogram of number of grains vs. 
central Ni contents.  25 grains measured. 
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10 15 20 25 30 
wt%Ni 
45 
Figure   63 HT#4 (1150°C, 5°/min) histogram of number 
of grains vs. central Ni content.  15 grains 
measured. 
20 25 30 
wt%Ni 
35 40 45 
Figure 64 - HT#13 (1150°C, 100°/wk) histogram of number 
of grains vs. central Ni content.  20 grains 
measured. 
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of ordinary chondrites clearly helps to average out the 
original Ni composition differences. 
The similar grain center compositions in severely re- 
heated chondrites appear to be caused primarily by remelt- 
[71 ing (as suggested by Begemann and Wlotzka   ) .  Upon re- 
melting, an Fe-Ni-S melt (or partial melt) would mix and 
redistribute.  Upon solidification, a relatively similar 
composition of metal areas would be expected.  The proba- 
bility that such a melt could mix from grain to grain is 
evidenced by the fact that all HT specimens with T    > c
max 
1000°C were permeated by a network of pores throughout the 
mass.  Molten Fe-Ni-S had run out during heat treating. 
Efficient mixing of metal-troilite throughout the sample 
would therefore be expected.  Mechanical action due to a 
shock event would enhance such mixing. 
Even less severely remelted metal-troilite regions 
(indicating a lower T ) would have the opportunity to mix 
between grains.  Veinlets observed in some of the less 
severely reheated chondrites and HT's (see Figure 14, 
Tables 13 and 14) indicate that molten Fe-Ni-S seeped 
through cracks in the silicate matrix. 
HT histograms of number of grains vs. central Ni con- 
tent (Figures 63 and 64) show an intermediate condition 
between the reheated chondrites (Figures 55 through 62) 
and the unreheated chondrites (Figures 53 and 54, Knyahinya 
is the material from which the HT's were cut).  Actually, 
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due to the running out of the metal-troilite melt in HT's, 
"communication" between remaining metal areas was broken. 
Had the melt been contained in the HT's, more averaging 
of grain center compositions would be expected. 
Melting of metal-troilite assemblages in reheated 
chondrites appears to have been the dominant mechanism of 
averaging central composition between metal grains.  Minor 
amounts of solid state diffusion (e.g. along silicate 
grain boundaries) may have contributed to such averaging 
in the very slowly cooled specimens. 
High Ni Rims 
Steep Ni gradients at the rims of metal grains are 
most likely due to solute segregation upon solidification. 
T341 As described m solidification texts (e.g., Flemings    ), 
the last liquid to freeze in a binary alloy is enriched 
r 71 
in the solute (in this case Ni).  Begemann and Wlotzka 
invoke this reasoning to explain the steep Ni rims in 
Ramsdorf; the last metal to solidify in a grain is the rim 
area. 
The presence of sulfur undoubtedly influences and 
complicates this segregation mechanism, but does not make 
it impossible.  The major effect of S appears to be a 
lowering of the solidification temperature. 
Had the metal solidified very slowly and/or cooled 
from TR slowly, the Ni would be expected to diffuse toward 
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the grain centers, leveling out the steep Ni gradients 
at the rim.  Steep Ni rim gradients in chondritic metal 
grains are therefore believed to be evidence of two 
events: 1) the metal-troilite was extensively melted and 
segregated (within each grain) during solidification and 
2) the metal was cooled fairly quickly so as to prevent 
leveling of the gradients by Ni diffusion. 
Ni in Troilite 
[291 Studies by Kullerud    of the Fe-Ni-S system phase 
relations indicate that Ni solubility in stoichiometric 
FeS decreases from <0.5 wt.% at 900°C to <0.2 wt.% at 
650°C.  Assuming that Henry's Law and the Neumann-Kopp 
T351 Rule can be applied,     equilibrium solubilities of Ni 
in FeS for lower temperatures can be estimated by extrap- 
olating from Kullerud's data.  An extrapolation of 
Kullerud's data resulted in a solubility of -0.01 wt.% Ni 
in FeS at 350°C. 
Troilite of some severely reheated chondrites con- 
tains Ni in substantial amounts (up to 0.31 wt.%, see 
Table 12).  Such Ni enrichment occurs upon reheating, 
probably severe enough to remelt Fe-Ni-S.  Relatively 
fast cooling would be required to maintain substantial 
Ni in the troilite.  Slow cooling would allow Ni to dif- 
fuse out of the troilite and into the metal, thereby 
following its equilibrium solubility in FeS as temperature 
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decreased.  Four unreheated chondrites each contain 
<0.02 wt.% Ni in FeS (see Table 12), which indicates slow 
cooling. 
Heat treatments started with chondritic material 
(Knyahinya) with very low Ni in FeS (see Table 12) and 
definite Ni enrichment occurred during the heat treating 
process.  A distinct trend of decreasing Ni content of 
FeS with decreasing or slower cooling rate was observed 
(see Tables 12 and 14). 
Substantial Ni contents (>0.1 wt.%) of troilite in- 
dicates severe reheating with subsequent fast cooling. 
Lower Ni contents (<0.1 wt.%) of troilite in chondrites 
which otherwise appear to have remelted metal-troilite 
indicates relatively slow cooling. 
Phosphides 
Once P is in solution in the metal of chondrites, the 
occurrence of phosphides is a distinct possibility.  The 
occurrence of phosphides depends on the metal composition 
and the cooling rate of the metal after reheating.  The P 
content must be high enough and the cooling rate slow 
enough to allow phosphides to nucleate and grow.  If 
phosphides do occur, their composition and size can be 
used to estimate cooling rates of the metal, as will be 
explained later. 
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Secondary Kamacite 
The presence of secondary kamacite (a) indicates that 
the cooling rate of chondritic metal was slow enough to 
allow a to nucleate and grow from y.      It is logical that 
secondary a is found at grain boundaries (with silicate, 
troilite, or other metal crystals), since these locations 
roc] 
provide favorable sites for heterogeneous nucleation. 
Phosphorus is an a stabilizer and has the effect of facili- 
T371 tatmg a nucleation xn Fe-Nx.      Phosphorus also en- 
hances a growth since its presence increases the diffusion 
r 3 81 
coefficient of Ni in Fe-Ni.      Composition and size 
measurements of secondary a   can be used to estimate cool- 
ing rates, as will be explained later. 
There are two basic groups of criteria: those that 
reveal information about high temperature conditions and 
those that reveal information about low temperature con- 
ditions (from which cooling rates are estimated).  Re- 
melted appearance, averaging of central grain compositions, 
P enrichment of metal, and martensite indicate extensive 
reheating and in most cases remelting.  Presence of phos- 
phides and secondary kamacite indicates relatively slow 
cooling rate.  Composition and width measurements of these 
phases can be used to estimate cooling rates.  High Ni 
rims and Ni in troilite indicate substantial reheating, 
but more importantly, reveal qualitative information on 
cooling rates. 
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Estimations of Residual Temperature and Cooling Rates of 
Reheated Chondrites 
\ 
Residual Temperature 
By comparing and integrating results from the eight 
reheated chondrites and heat treatment samples (HT's) with 
regard to the high temperature criteria, estimates of 
residual temperature (TD, temperature immediately follow- 
ing the shock event) are made for the reheated chondrites. 
Table 15 lists a ranking of reheated chondrites for each 
of the high temperature criteria.  The last column is a 
ranking of chondrites according to T  based on integration 
of these results. 
It must be emphasized that such ranking is qualita- 
tive.  There are a few places in the ranking where quanti- 
tative estimates may be applied, using heat treatment re- 
sults or phase diagrams.  Most of the inconsistencies in 
the rankings can be explained by varying times at T  or 
different cooling rates. 
Use of Secondary Kamacite and Phosphides to Estimate 
Cooling Rates 
Five of the eight reheated chondrites studied have 
secondary kamacite (a) in their metal grains.  Relatively 
slow cooling allows a to nucleate and grow from y prior to 
T 39 1 the y ■> a2 transformation.  As Axon and Goldstein1  J have 
shown for lunar metal particles, the distribution of Ni 
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Table 15 - Ranking of Reheated Chondrites with Respect to Each High 
Temperature Criterion (most reheated at top of list, 
least reheated at bottom) 
Remelted 
Appearance 
Ramsdorf 
*Orvinio (It.) 
*Rose City 
Lubbock 
Tadjera 
Arapahoe 
Farmington 
Wickenburg 
Phosphorus 
Enrichment 
t*Rose City 
*Orvinio (It.) 
*Ramsdorf 
Lubbock 
Farmington 
Wickenburg 
Tadjera 
Arapahoe 
Grain Center 
Compositions 
Orvinio (It.) 
Rose City 
Ramsdorf 
Farmington 
Wickenburg 
Lubbock 
Arapahoe 
Tadjera 
Total 
Ramsdorf 
Orvinio (It.) 
Rose City 
Lubbock 
Farmington 
*Tadjera 
*Arapahoe 
Wickenburg 
*Results for these samples are very similar for that particular 
criterion. 
tAlthough average P content of Rose City metal was 0.39 wt.%, the 
abundance of phosphides would probably cause a bulk P content 
(of metal) of -0.5 wt.%. 
110 
and P between a and prior y in the chondrite metal grains 
can provide a measure of the last temperature of heat 
treatment or equilibrium. 
If the P content of the metal is relatively high 
(>0.10 wt.%), slow cooling allows phosphides to grow in 
the metal.  Two of the reheated chondrites studied con- 
tain phosphides large enough for composition measurements. 
The distribution of Ni and P between phosphide and metal 
may also provide a measure of the last temperature of 
. . [391 equilibrium, T 
^ eq 
[391 The method of Axon and Goldstein     for analyzing 
Ni and P distributions in a, y, and phosphide was applied 
in the present study.  Special attention was given to the 
compositions of the two phases at their contact inter- 
faces, since these values may be taken to represent the 
frozen-in local equilibrium compositions corresponding to 
the final temperature of equilibrium of the metal.  Point 
analyses were made using the microprobe, usually along a 
line crossing the interface between two phases.  Examples 
of such data are plotted in Figures 42, 43, 50, and 51. 
Measured interface compositions and bulk compositions for 
each chondrite of interest are listed in Table 16. 
Because of higher diffusion rates in a, the Ni con- 
tent of the a phase changes to reflect decreased tempera- 
[39] ture.      The Ni content of the y phase changes only in 
the vicinity of the a/y interface, and the interface y 
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content is therefore difficult to measure with the micro- 
probe.  For this reason, Ni contents of y   are reported as 
"greater than    " and T   estimates are based mainly on 
^        eq 
the a compositions. 
Interface values of y   in Lubbock and Rose City are 
not reported because Ni gradients were not observed in a„ 
(prior y) in these samples.  This measurement indicates 
that the apparent a„ is not actually a„, but possibly de- 
composed martensite.  The secondary a, however, grew at 
a temperature where the parent phase was still y.     There- 
fore, the a compositions can be used to estimate T 
[14] 
The Fe-Ni phase diagram     is shown in Figure 3 and 
the 600° and 550°C isotherms of the Fe-Ni-P phase dia- 
gram     are shown in Figures 6 5 and 66 respectively.  The 
final equilibration temperature T   is estimated by fit- 
ting the interface composition data on an appropriate 
equilibrium phase diagram.  For example, the data on Rose 
City phosphide fits the Fe-Ni-P diagram between 600°C and 
550°C.  Bulk metal of 9Ni, 0.5P is in the a   +  y   + Ph phase 
field between 600° and 550°C (see Figures 65 and 66).  The 
a phase at the a/y interface in Rose City has a composi- 
tion of ^6Ni, 0.27P.  This composition is intermediate to 
the values at the a corner of the 3-phase field on the 
600° and 550°C isotherms.  Rose City phosphide composition 
is measured as ^22Ni, 15.5P, which could well be an inter- 
mediate equilibrium phosphide composition between 600° and 
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Figure 65 600°C isothermal section of the Fe-Ni-P 
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550°C. T       for Rose City phosphide/a particles is there- 
fore estimated as ~575°C. 
Final equilibrium temperatures are similarly esti- 
mated for a growth in y.  Estimates of T   below 550°C 
^ eq 
are based on the functionality of P solubility in a with 
[411 
respect to temperature.      Table 17 shows calculated 
values of P content at the a corner of the a + y + Ph 
phase field below 600°C. 
Table 16 lists T   for a or phosphide growth in five 
reheated chondrites.  A more slowly cooled chondrite would 
be expected to equilibrate at a lower temperature.  A 
ranking of T  's therefore corresponds to a relative rank- 
ing of cooling rates. 
Cooling rate estimations were made by using isother- 
mal diffusion calculations to determine times of precipi- 
tate (in this case a) growth.  Fick's second law of dif- 
fusion is given by: 
^ = Di^ (i) 8t   U3x2 u;
where  c = concentration 
t = time 
D = diffusion coefficient 
A-   4. [42] x = distance. 
The following assumptions were made for the isothermal 
growth of a in chondrites: 1) growth is diffusion con- 
trolled, 2) interface is at equilibrium, 3) diffusion 
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Table 17 - Phosphorus content at a corner of a + y + ph 
phase field. 
T(°C) 
550 
500 
450 
400 
350 
300 
250 
P   content  of a ,   wt.% 
0.26 
.19 
.14 
.10 
.08 
.06 
.04 
where P(wt.%) = exp (-4.7301 + 6.11787 x 10 3 T)[41] 
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coefficient is not a function of concentration, 4) preci- 
pitate grows in one dimension, and 5) there is no impinge- 
ment.  With these assumptions, the following analytical so- 
lution can be applied to solve Fick's second law: 
C„(x,t) = AR + Bfi  erf (— ) (2) 
C  = c" (3) 
a 
,     ,    c'-a'erf Y    _    a'-c' 
where  AD = —= j=—*-   BO = ■= 5  8    1 - erf y     3   1 - erf Y 
C„ = composition in parent phase 
c" = equilibrium composition of the precipitate 
c1 = equilibrium composition of parent phase 
a1 = bulk composition of parent phase 
[421 
Y  = dxmensxonless driving force parameter. 
The primary interest of this study is in the location of 
the interface between the precipitate and parent phases, 
which is given by: 
5 = 2Y/Dt.  [42] (4) 
The Y term is found by inserting the general solutions for 
C a and Cg, equations (2) and (3), into the mass balance 
expression 
9C (c»_c> )££ = n  t 
^       
;dt   ^ 8x -  D —2. (5) 
After minor rearranging of terms one has 
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2 
/
TF y e   (1 - erf y)   = 
a'-c' 
c"-c' 
(6) 
which is solved for y   iteratively using a standard Newton- 
[43] . . 
Raphson technique.      The interface distance or precipi- 
tate width E,   can then be calculated for desired times 
using equation (4).  The diffusion coefficients used in 
these calculations were obtained from Heyward and Gold- 
4. •  [38] stem. 
There are two variables that control precipitate 
growth, diffusion coefficient and driving force, which 
have opposing effects with respect to temperature.  The 
diffusion coefficient decreases with decreasing tempera- 
ture and the driving force increases with decreasing tem- 
ro/ri 
perature.      The temperature at which these effects 
balance optimally is called the optimum growth temperature. 
The optimum growth temperature was found by calcu- 
lating the precipitate size £ for a given growth time at 
several temperatures ranging from the theoretical nuclea- 
tion temperature to the final temperature of equilibration. 
The temperature which resulted in the largest precipitate 
size for a given growth time was taken to be the optimum 
growth temperature.  As an example of this technique, the 
calculated data for a growth in Farmington is presented 
in Table 18 for temperatures ranging from 650°C to 550°C. 
The optimum growth temperature was taken as 600°C.  Once 
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Table 18 - Theoretical size of a precipitates in 
Farmington (assuming isothermal growth 
for 1 year) 
Precipitate 
T(°C) T  „ - T width (CXym) 
650 
625 
600 
575 
550 
nuc 
* 
 
0 
25° 
50° 
75° 
100° 
* 
T =   equilibrium temperature  of nucleation 
nuc M r 
0 
0.10 
.25 
.18 
.13 
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this optimum temperature was found, calculations were 
performed to determine the period of time needed to grow 
the given phase to the width observed in the sample. 
Since the difference between the equilibrium nu- 
cleation temperature (chosen from the Fe-Ni-P diagram    ) 
and T   is ~150°C, it is assumed that Farmington a grew 
eq ^      ^ 
to its width (5-10ym) over a temperature range of ~150°C. 
A rough cooling rate estimate is made by dividing this 
temperature range by the time needed to grow to ~8ym at 
the optimum growth temperature.  Table 19 lists estimated 
cooling rates (along with temperatures and times used in 
the estimations) for each sample containing secondary a. 
Cooling rate estimates using this technique were not 
made for phosphide growth in Rose City, Lubbock, and 
Farmington.  Phosphides in these samples usually occur in 
contact with both a and y,   which complicates growth cal- 
culations . 
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Ramsdorf 
A fairly strong case can be made that Ramsdorf is 
the sample which experienced the highest T  of the eight 
reheated chondrites studied.  The configurations of metal- 
troilite assemblages in Ramsdorf indicate very extensive 
remelting and compare similarly with configurations ob- 
served in the high T    heat treatment samples, especially 
^   max f   f   c      .: 
HT#5 (1250°C, 5°/min.), HT#6 (1150°C, 25°/hr.), and HT#15 
(1250°C, 100°/day) (see Figures 17,25,27,28).  (Note: T 
ITiaX 
for the experimental treatments is meant to correspond to 
T for the reheated chondrites.) As observed in Figures 
17 and 25, a grain in HT#15 (1250°C, 100°/day) had similar 
internal structure to a typical Ramsdorf grain: a„ with a 
high Ni rim (see Figures 38 and 40) engulfed by troilite. 
Ramsdorf metal grains have very similar central Ni 
compositions (see Figure 56), which supports the contention 
that its metal was remelted, mixed and redistributed (pro- 
[7] 
posed by Begemann and Wlotzka1 J). Relatively highPcontent 
(0.45 wt.% average) of Ramsdorf metal indicates reduction of 
phosphates and solution of the P in the metal.  It is dif- 
ficult to be precise about a relationship between T  and P 
content, since P content of metal depends on the amount of 
phosphate and the degree of metal-phosphate contact. 
As shall be discussed, Ramsdorf appears to have 
cooled relatively quickly, which means that the metal grain 
compositions did not have very much time to average out at 
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high temperatures.  This indication gives further support 
to the proposal that Ramsdorf was heated to a fairly high 
temperature, high enough to allow extensive melting and 
mixing in a short period of time.  After integrating the 
results from the study of high temperature criteria and 
comparing Ramsdorf to HT's, it is felt that Ramsdorf had 
been heated to approximately 1200 - 1250°C. 
The study of several criteria indicates that Rams- 
dorf cooled at a relatively fast rate.  The average Ni 
content of troilite is relatively high, 0.11 wt.%, which 
implies that the cooling rate was too fast to allow Ni to 
follow its equilibrium solubility in FeS as temperature 
decreased.  The presence of steep Ni gradients in metal 
grain rims indicates that Ramsdorf cooled fast enough to 
prevent substantial solid state Ni diffusion after solidi- 
fication.  Absence of secondary kamacite also indicates a 
relatively fast cooling rate for Ramsdorf. 
The presence of thin phosphides (up to ~1 ym wide) 
between metal and troilite (also observed by Begemann and 
Wlotzka L J) indicates that the cooling rate of Ramsdorf 
must have been slow enough for phosphides to nucleate and 
grow.  Unfortunately, the small size of these phosphides 
prevented accurate composition measurements.  Diffusion cal- 
culations indicate that phosphides would grow to -0.1 ym in 
width in metal of Ramsdorf's composition if cooled at 
~100°C/day. 
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An explanation of phosphide occurrence in Ramsdorf 
can be aided by some observations made of one of the heat 
treatment specimens.  HT#12 (1050°C, 100°/day) contained 
phosphides in two of its metal grains (-0.5 wt.% P).  The 
HT#12 phosphides occurred between metal and troilite and 
were on the order of 2 ym wide.  Microscopic measurements 
revealed the Ni content of the HT#12 phosphides to be 
-8 wt.%, which indicates that they grew at a temperature of 
-800°C.  The same metal grains that contain grain edge 
phosphides also appear to have very thin (-0.1 \im)   phos- 
phides in the grain interiors.  Similar internal phosphides 
were observed in one grain of HT#7 (1150°C, 100°/day). 
While there are a few places in the Ramsdorf sample where 
the structure hints at similar internal phosphides, posi- 
tive identification could not be made.  These observations 
of HT#12 (1050°C, 100°/day) show that phosphides can occur 
in severely reheated chondritic metal cooled at a rate of 
100°C/day. 
Considering all the results concerning cooling rate 
criteria, it is felt that Ramsdorf metal cooled at a rate 
on the order of 100°C/day.  The post-shock thermal his- 
tory of Ramsdorf is therefore estimated as:  T -1200° - 
R 
1250°C and cooling rate -100°C/day. 
Orvinio (It.) 
Orvinio (It.) has much in common with Ramsdorf, 
including extensive remelted appearance (Figures 18 and 
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29), high P content of metal (Table 8), a high degree of 
similarity of central Ni compositions (Figure 57), thin 
grain edge phosphides (Table 11), and no secondary a. 
Remelted appearance, P content of metal, and averaging of 
central grain contents all indicate a relatively high T 
for Orvinio (see Table 15), probably very close to or 
slightly less than Ramsdorf's estimated T , -1200° - 
1250°C. 
The remelted appearance of Orvinio's metal-troilite 
is slightly different than that of Ramsdorf.  There are 
agglomerations of metal grains within troilite, but the 
most common feature in Orvinio is small, round metal 
grains (on the order of 10 ym in size) with troilite rims 
(see Figure 29).  Orvinio (It.) is an H-type, or bronzite, 
meaning that it contains more metal than L-types.  The 
troilite : metal ratio for H-types is substantially lower 
than for L-types (see Table 1) and this would have an ef- 
fect on remelted appearance.  The higher metal content of 
Orvinio explains why the Ni contents of grain centers are 
so similar; the higher percentage of metal allows for 
better mixing among metal in the molten state. 
The cooling rate of Orvinio (It.) must have been 
fast enough to prevent secondary a growth and retain some 
Ni rim gradients.  The Ni content of Orvinio (It.) troilite 
is relatively low (Table 12), which indicates slower cool- 
ing.  Phosphides were observed in Orvinio (It.) as laths 
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between metal and troilite (similarly to Ramsdorf phos- 
phides) , usually <2ym wide.  In general, phosphides 
seemed more plentiful in Orvinio (It.) than in Ramsdorf, 
maybe because their slightly larger size made them easier 
to find.  Ni gradients in grain rims were observed in 
some Orvinio (It.) metal grains.  Taylor and HeymannL J 
report similar gradients in Orvinio (It.).  As for Rams- 
dorf, such gradients indicate segregation of solute 
during solidification with subsequent fast cooling to 
prevent the substantial Ni diffusion.  Ni rim gradients 
in Orvinio are not as great as those in Ramsdorf.  This 
is due to either slower cooling of Orvinio (providing for 
more Ni diffusion) and/or the difference in Ni contents 
between the two samples (Table 8). 
Results for Orvinio (It.) indicate that it had a 
thermal history similar to Ramsdorf.  Residual tempera- 
ture T  is estimated at ~1200°C.  Orvinio's cooling rate 
is estimated as ~100°C/day to ~100°/wk. 
Tadjera 
Tadjera contains remelt structures such as ovoid 
metal grains in troilite (Figure 23), rounded metal- 
troilite boundaries, blebs, and veinlets, but does not ap- 
pear as remelted as Ramsdorf.  There are some grains in 
Tadjera that appear to have been totally remelted and 
others that appear to have remelted only slightly. 
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It is interesting to note that veinlets were most 
plentiful in those HT's which were not severely remelted. 
Plentiful veinlets occurred in HT#12(1050°C, 100°/day), 
HT#11 (1050°C, 25°/hr) , HT#4(1150°C, 5°/min.), HT#1(1250°C, 
quench), and HT#3(1150°C, quench).  This trend indicates 
that veinlets occur where there is an intermediate degree 
of remelting.  It seems that high T    and longer time in 
^ ^   max        ^ 
the molten condition cause veinlets to disappear, probably 
agglomerating into grains or scattering into blebs. 
Tadjera compares with the HI" s listed above with respect 
to its amount of veinlets. 
P enrichment in Tadjera metal is low, averaging 
0.035 wt.%, which may indicate that Tadjera did not have 
a very high T  and/or spend much time at high temperatures. 
Central Ni contents of Tadjera metal grains had the least 
degree of similarity of tne eiqht reheated chondrite (Figure 
62), which also indicates less severe reheating and/or a 
short period of time spent at high temperatures. 
The relatively high Ni content (0.31 wt.%) of 
Tadjera's troilite indicates fast cooling.  Individual 
grains of metal were less homogeneous than other reheated 
chondrites and often displayed a reliefy structure upon 
etching, caused by compositional differences.  Similar re- 
liefy grains were observed in some of the HT's, predomi- 
nantly in those with cooling rates faster than 100°C/day. 
Figure 26 shows an extreme case of relief in HT#4(1150°C, 
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5°/min).  Slow cooling would allow Ni diffusion and homo- 
genization of individual grains.  Ni compositions at 
grain edges  in Tadjera varied widely with respect to 
grain centers; edges were usually 2-20 wt.% higher than 
centers.  Profiles of Ni and P across a Tadjera metal 
grain edge are shown in Figure 39 and similar profiles 
for HT#11(1050°C, 25°/hr) are shown in Figure 40. 
Due to a lack of phosphides and secondary kamacite, 
no quantitative estimates of cooling rate were made for 
Tadjera.  Qualitatively, it is felt that Tadjera was heated 
enough to melt some of the metal-troilite, but not enough 
to cause extensive melting, mixing, averaging of central 
Ni contents, and P enrichment.  Ni content of troilite, 
poor homogeniety within grains, and lack of secondary a 
indicate a relatively fast cooling rate for Tadjera.  Using 
this information and comparisons with HT results, Tadjera's 
T  is estimated at -1000° - 1050°C and its cooling rate is 
estimated to be on the order of 100° - 600°C/day (faster 
than Ramsdorf's cooling rate). 
Wickenburg 
The study of Wickenburg indicates that it may be the 
least reheated and slowest cooled of the reheated chondrites 
studied.  What appears to be troilite abutting against 
metal grains at low magnification is actually a fine metal- 
troilite mixture which is apparently a eutectic structure 
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(Figure 33).  Such a structure indicates remelting, but 
not necessarily a very extensive remelting, such as 
Ramsdorf experienced.  There is very little P enrichment 
in Wickenburg (average P content = 0.055 wt.%) and con- 
sequently there are no phosphides.  Wickenburg metal 
grains have a fair degree of similarity with respect to 
central Ni contents (see Figure 58). 
The eutectic structure is probably due to heating 
of the metal-troilite in Wickenburg to just above the 
eutectic point (989°C for Fe-31.65, probably slightly 
lower with Ni in the system).  The mixture which would 
melt would be very close to the eutectic composition and 
eutectic structure would occur upon solidification. 
The low P in metal grains indicates very little, 
if any, phosphate reduction took place and that Wickenburg 
therefore probably did not experience a very high T .  In 
the apparent absence of extensive remelting, the averaging 
of central Ni contents in Wickenburg is probably due to a 
long period of time spent at high temperatures. 
Low Ni content of troilite, good homogeniety within 
grains, and abundance of secondary a indicate a relatively 
slow cooling rate for Wickenburg metal.  The final equili- 
tration temperature of Wickenburg is estimated as ~500°C 
(Table 16).  Calculations based on a growth in Wickenburg 
yield a cooling rate estimate of ~1°C/100 yrs. (see Table 
19).  The thermal history of Wickenburg is estimated as: 
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Tn~1000°C and cooling rate -1°C/100 yrs. 
Thin areas of taenite (y) were observed at some 
a2/a2 9rain boundaries in Wickenburg, but were not plenti- 
ful.  This y was too small for microprobe measurements, 
being on the order of 1-2 ym wide.  The y  could be re- 
tained y,   i.e. - y that did not transform to 012 upon cool- 
ing, or a Y precipitate from o^. 
Farmington 
Farmington has moderately remelted structures 
(rounding of metal-troilite boundaries and blebs) a fairly 
high degree of similarity of central Ni content (Figure 
55), and moderate P enrichment (Table 8).  It appears that 
Farmington was not reheated to as high a temperature as 
Ramsdorf, but higher than Wickenburg (Table 15).  T  for 
Farmington is estimated as -1050° - 1100°C. 
Qualitatively, low Ni content of troilite (Table 
12), absence of steep Ni rim gradients (Table 9), presence 
of secondary a (Table 10), and presence of phosphides 
(Table 11) indicate slow cooling of Farmington.  The rela- 
tively low equilibrium temperature estimate for a/y   and 
phosphide/metal particles (Table 16) indicates a fairly 
slow cooling rate.  By employing diffusion calculations 
for a  growth in Farmington metal, the cooling rate of 
Farmington is estimated as ~1°C/10 yrs. (Table 19). 
A couple of metal grains in Farmington had a strange 
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structure upon etching. The structure appeared as a2 at 
lower magnifications, but higher magnification revealed 
what appeared to be very fine a grains with submicron- 
sized y precipitates. Qualitative microprobe study sup- 
ported these optical observations. This structure could 
be due to decomposition of c^ at low temperatures (below 
~500°C) caused by very slow cooling. 
Rose City 
Rose City appears to have been reheated to a fairly 
high temperature.  It has extensive remelted appearance 
(Figure  31, Table 15), high P content of metal (Table 
8), and similar central Ni contents of metal grains (Fig- 
ure 60).  The P content of metal averages 0.39 wt.%, 
which is slightly lower than that of Ramsdorf and Orvinio 
(It.).  Due to the abundance of phosphides associated 
with Rose City metal, the bulk P content of the metal is 
probably substantially greater, -0.5 wt.%.  As in the case 
of Orvinio (It.), the high degree of similarity of central 
Ni contents of metal grains may be enhanced by the fact 
that Rose City is a H-type chondrite, therefore allowing 
better mixing of metal.  The T_ of Rose City is estimated 
as ~1200°C. 
The abundance of phosphides (Table 11), abundance 
of secondary a (Table 10), low Ni content of troilite 
(Table 12), and absence of Ni rim gradients (Table 9) 
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indicate that Rose City cooled fairly slowly.  Estimates 
of T   for a/y and a/Ph indicate that it cooled slowly, 
but not as slowly as the other reheated chondrites with 
secondary a (Table 16) .  Calculations on a growth lead to 
a cooling rate estimate of ~l°C/yr. (Table 19). 
It is noted that Rose City had relatively abundant 
y at a„ grain boundaries.  Rose City y i-s similar to y 
seen in Wickenburg, but was generally wider and more com- 
mon.  Rose City y is believed to be either retained y or 
y precipitated during a„ decomposition. 
Rose City a„ appeared to be somewhat different at 
high magnification than a„ in other reheated chondrites. 
Close examination using the SEM revealed very small pre- 
cipitates and a very fine equiaxed or elongated grain 
structure (see Figures 67 and 68).  The precipitates were 
identified as tiny phosphides.  The metal grains may be 
martensite laths or a product of martensite decomposition. 
If the metal is decomposed a„, an a + y structure would be 
expected to occur.  Any y precipitates that might be pres- 
ent in grain interiors are apparently too small to identify, 
It should be noted that rather large phosphides 
were observed in HT#14(1050°C, 100°/wk) (see Figure 27). 
HT#14 phosphides (which have ~8 wt.% Ni) appear to be 
hieroglyphic phosphides, which probably formed above 
850°C.[  J  HT#14 phosphides differ from phosphides ob- 
served in reheated chondrites.  Phosphides in reheated 
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Figure 67 - SEM photo of Rose City metal with martensite 
(or decomposed martensite), taenite, sec- 
ondary a, and phosphides.  Marker = 8ym. 
Figure 68 - SEM photo of Rose City a„ (or decomposed 
a-)• White particles are phosphide pre- 
cipitates.  Matrix is either a?   laths or 
product of a„ decomposition.  Marker = 
2ym. 
133 
chondrites have higher Ni contents (>20 wt.%), usually 
occur at metal-troilite boundaries, are smaller and are 
less irregularly shaped. 
Lubbock 
Lubbock metal-troilite has a moderately remelted 
appearance (Figure 20,30,46, Table 15), a  moderate de- 
gree of central Ni content similarity (Figure 59), and a 
moderate amount of P in the metal (Table 8).  Lubbock 
has a fairly high density of tiny blebs (as in Figure 13) 
and several grains appear similar to Orvinio (It.) grains 
(compare Figures 29 and 30).  On a relative scale of de- 
gree of reheating, Lubbock seems to fit in between Orvinio 
(It.) and Farmington.  Lubbock1s T  is therefore estimated 
as -1100° - 1150°C. 
Low Ni contents of troilite (Table 12), presence of 
secondary a (Table 10), and presence of phosphides (Table 
11) indicate that Lubbock cooled at a relatively slow 
rate.  Some grains in Lubbock contain Ni gradients in the 
rims.  These gradients indicate relatively fast cooling 
which contradicts the implications of a and phosphide 
presence.  It was noted, however, that those grains with 
the rim gradients usually had a blocky a„ structure and 
lower P contents ($0.15 wt.%).  The grains with secondary 
a had higher P contents (£0.2 wt.%) and often displayed a 
fine structure similar to the apparently decomposed a0 
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in Rose City.  This result is reasonable, since higher P 
content allows for easier a nucleation and faster Ni dif- 
fusion. 
T   for Lubbock a/y regions is estimated as ~550°C eq / i   J 
(from Table 16).  An estimate of cooling rate based on a 
growth in Lubbock metal is given as ~1°C/10 yrs. (Table 
19).  It does not seem likely that Ni rim gradients would 
survive such a slow cooling rate.  Calculations showed 
that a Ramsdorf-type gradient would level out to within 
1 wt.% of the bulk content in 5 years at 900°C.  Ramsdorf 
metal did contain more P than Lubbock metal, so the time 
for flattening of gradients in Lubbock may be substantially 
longer.  Due to the presence of rim gradients in some grains, 
the cooling rate of 1°C/10 yrs. is taken as a minimum 
(slowest) estimate. 
Arapahoe 
Arapahoe metal appears to have experienced a lower 
T0 than most of the reheated chondrites.  Some agglomera- te 
tion and rounding of boundaries of metal-troilite is found 
in Arapahoe (see Figure 32), but such structures are not 
widespread (Figure 22).  There is a great abundance of 
veinlets (see Figure 14), which probably indicates a 
relatively low T  (similar to Tadjera).  The facts that P 
content in metal is very low (Table 8) and that the de- 
gree of similarity of central Ni contents is only fair 
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(Figure 61), also indicate a relatively low T  for 
Arapahoe.  Residual temperature for Arapahoe is estimated 
as -1000° - 1050°C. 
Low Ni content of troilite (Table 12), some thin 
secondary a (Table 10), and absence of Ni rim gradients 
(Table 9) indicate a relatively slow cooling rate. Ab- 
sence of phosphides is expected, since the P content of 
the metal is low (Table 8).  AT   estimate based on a/y 
eq '  ' 
equilibrium for Arapahoe is given as ~550°C.  Calculations 
based on a growth lead to a cooling rate estimate of 
~1°C/10 yrs. or faster. 
Critique and Summary of Estimated Thermal Histories 
The complexity of a chondrite as a metallurgical 
system causes difficulty in making very quantitative es- 
timates of residual temperature and cooling rate.  For 
example, other elements present in the metal (e.g. Co and 
S) alter the Fe-Ni and Fe-Ni-P phase relations to some 
minor degree.  Since all chondrites are slightly different 
in chemical make-up, it is difficult to invoke strict 
criteria to compare chondrites.  It is also noted that one 
small piece of a meteorite may not be truly representative 
of the whole meteorite.  The analysis of heat treatment 
results was necessarily qualitative, since natural extra- 
terrestrial reheating conditions could not be accurately 
duplicated in the laboratory. 
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Despite the difficulties in making accurate esti- 
mates of thermal histories, a consistent overall view of 
thermal histories is postulated.  By combining and com- 
paring results from the eight reheated chondrites studied, 
a relative ranking of the chondrites with respect to T 
and cooling rate is made.  In reference to the discussion 
of T  and cooling rate for each reheated chondrite, a 
K 
total plan of thermal histories is presented for the eight 
severely reheated chondrites studied.  Figure 69 shows a 
grid of residual temperature T  vs. cooling rate with each 
of the eight reheated chondrites placed according to its 
postulated thermal history. 
The relative positions of the chondrites on the 
thermal history plan in Figure 69 are consistent with re- 
spect to metallographic criteria.  Key points of reference 
on this plan include Ramsdorf, which apparently is the 
most severely reheated and among the most rapidly cooled. 
Tadjera was less severely reheated and cooled fairly 
quickly.  Rose City was severely reheated and cooled 
fairly slowly.  Wickenburg was less severely reheated 
and was apparently the most slowly cooled chondrite of the 
group. 
The thermal histories postulated in this study are 
in fair agreement with those proposed by previous investi- 
[7] 
gators.  Begemann and WlotzkaL J postulate a T  for 
R 
Ramsdorf as 1200 - 1350°C, with which the results of this 
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work agree.  They also imply a cooling rate for Ramsdorf 
of ~3°C/min (if T_ > 1200°C), which is based  on calcula- 
K —
tions of solid state diffusion at temperatures >900°C. 
[7] 
Begemann and WlotzkaL J present maximum times that the 
metal could have been at given temperatures in order to 
retain the steep Ni gradients in grain rims.  Their ap- 
proach assumes that the metal is solid below 1200°C, 
which means that fast Ni diffusion at high temperatures 
would level out the Ni rim gradients.  Actually, metal of 
Ramsdorf was probably not completely solidified until it 
reached ~1000°C or lower.  Evidence from the present 
study indicates that reheating to 1000°C is enough to 
start melting the metal-troilite phases.  The model of Ni 
segregation during solidification proposed for Ramsdorf 
[71 
Begemann and Wlotzka1 J (and supported by the present 
study) indicates that the last metal to solidify would be 
high in Ni.  if the last metal solidified at ~1000°C, the 
Ni rim gradients would be frozen in at that temperature. 
The solid state diffusion argument should therefore not 
be applied for temperatures above ~1000°C.  The calculations 
done by Begemann and Wlotzka for maximum times at T 
<1000°C may be applied, since the metal is probably all 
solidified in this range.  Their data for T <1000°C im- 
plies that Ramsdorf could have cooled on the order of 100°C/ 
day, as estimated in the present study.  Experimental 
evidence from this study supports such a cooling rate. 
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Taylor and HeymannL J estimate T  for Orvinio (It.) 
as between 1200° and 1350°C, with which the present study 
agrees.  They employ the same method used by Begemann and 
["7 ] 
Wlotzka1 J for Ramsdorf to infer a cooling rate estimate 
for Orvinio (It.) of ~3°C/min (if T^ >1200°C).  For the 
same reasoning as given for Ramsdorf, it is felt that this 
estimate is too fast and that Orvinio (It.) probably cooled 
on the order of 100°C/day to 100°C/wk. 
[7] 
Taylor and Heymann1 J estimate T  for Lubbock as 
between 900° and 1200°C.  The present study indicates a 
T0 of 1100°- 1150°C which is within the 900° - 1200°C 
range.  Taylor and Heymann also imply that Lubbock cooled 
at a rate of ~3°C/min to ~l°C/hr.  Evidence presented in 
this study indicates that Lubbock may have cooled as slow- 
ly as 1°C/10 yrs.  This estimated cooling rate is based on 
the growth of a and the presence of phosphides, two phases 
that were not observed in Lubbock by Taylor and Heymann. 
Taylor and Heymann1- J also estimated a thermal his- 
tory for Wickenburg:  T  between 600° and 1000°C, cooling 
rate between l°C/yr and 0.01°C/yr.  They feel that the fine 
eutectic observed in Wickenburg (Figure 33) is due to rapid 
cooling to some temperature below the solidification point 
(then subsequent slow cooling).  Experiments in this study 
show that rapid cooling (quenching) would cause a dendritic 
appearing metal-troilite structure (Figure 34).  It is 
felt that the eutectic in Wickenburg is caused by reheating 
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to just above the eutectic temperature where the melt 
would be very close to the eutectic composition.  Estimates 
of Wickenburg's thermal history from the present work do, 
however, fall in the range of Taylor and Heymann's esti- 
mates . 
r 3 i 
Wood1 J estimated that Farmington was at 1200°C 
for several years, at 1000°C for several centuries, or 
800°C for tens of thousands of years.  Since the present 
study indicates that Farmington cooled from 1050° - 
1100°C at a rate of ~1°C/10 yrs, there is reasonable 
agreement with Wood. 
Thermal histories for the remaining chondrites 
studied, Rose City, Arapahoe, and Tadjera, have not been 
[41 previously postulated, although Heymann1 J has classified 
Arapahoe as very heavily shocked and Tadjera as heavily 
[5] 
shocked.  Taylor and Heymann1 J have classified Rose City 
metal as very strongly reheated.  The results of the present 
study agree with the previous observations for these three 
chondrites. 
r 3 — 71 Work done by previous investigators1   Jhas led to 
theories on the cause of reheating of chondritic material. 
Briefly, it is commonly believed that a major collisional 
shock event caused reheating of much of the chondritic 
material.  Due to the size of the parent bodies, material 
at different locations was heated to different tempera- 
tures.  Subsequent cooling rate depended upon the depth of 
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burial of the material  after the shock event, i.e. - 
deeper material cooled more slowly. 
Taylor and Heymann^ J have related cooling rates to 
depth of burial.  By using a model of a semi-infinite 
chondritic slab losing heat by radiation from both sides, 
they have plotted cooling curves for a range of depths of 
burial.  Figure 69 shows a scale of burial depths cor- 
responding to cooling rates (taken from data plotted by 
Taylor and HeymannL -1 ) .  It can be seen from Figure 69 that 
the severely reheated chondrites in this study had appar- 
ently been buried at depths ranging from ~0.5m (for Tadjera) 
to -1000m (for Wickenburg). 
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CONCLUSIONS 
1. The following metallographic characteristics are commonly found 
in severely reheated chondrites:  remelted appearance of metal- 
troilite, presence of martensite, phosphorus enrichment of 
metal, and similarity of central nickel content from grain to 
grain.  These characteristics can be employed as criteria to 
estimate the post-shock residual temperature of severely re- 
heated chondrites. 
2. Phosphorus enrichment of metal grains in reheated chondrites is 
due to the reduction of phosphates at high temperatures. 
3. The following metallographic characteristics are commonly found 
in severely reheated chondrites:  troilite enriched in nickel, 
nickel gradients in metal grain rims, presence of secondary 
kamacite, and presence of phosphides associated with the metal. 
These characteristics can be employed as criteria to estimate 
cooling rates of severely reheated chondrites. 
4. The chondrites Farmington, Ramsdorf, Orvinio (It.), Wickenburg, 
Lubbock, Rose City, Arapahoe, and Tadjera have been severely 
reheated prior to their fall to earth.  Estimates of residual 
temperatures for these chondrites range from 1000° to 1250°C. 
Estimates of cooling rates for these chondrites range from 
600° C/day to 1°C/100 yrs.  Cooling rate estimates correspond 
to post-heating burial depths ranging from lm to -1000m. 
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APPENDIX A 
1. Microprobe measurements of Farmington metal grain cen- 
ters.  Numbers listed are weight percentages calculated 
from x-ray intensities using a ZAF correction pro- 
[24] gram.      Data were used to compute averages, ranges, 
and homogeneity histograms. 
Pt. Ni P Co 
1 12.01 
2 9.79 
3 14.17 
4 12.44 
5 15.15 
6 10.66 
7 10.16 
8 11.74 
9 13.64 
10 13.13 
11 10.06 
12 11.17 
13 12.86 
14 13.00 
15 11.90 
16 12.48 
17 13.48 
18 12.39 
19 13.69 
20 12.47 
Averages 11.8 
0.116 0.614 
.152 .551 
.145 .456 
.119 .632 
.056 .648 
.126 .652 
.209 .676 
.139 .673 
.084 .610 
.101 .666 
.139 .650 
.227 .655 
.150 .640 
.103 .684 
.108 .674 
.113 .712 
.063 .673 
.089 .674 
.127 .642 
.117 .639 
0.133        0.659 
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Microprobe measurements across metal grain rim in Rams- 
dorf.  Data were used in plot of Ni and P profiles in 
Figure 38.  Weight percents were calculated from x-ray 
. .     . . r 2 41 intensities using ZAF correction program.1-  J  Points 
were taken at 2ym intervals starting in troilite, pro- 
ceeding into the metal.  Last five points are at lOym 
intervals. 
Pt. Ni P Pt. Ni P 
1 1.01 - 16 11.56 0.403 
2 1.55 - 17 11.34 .429 
3 1.03 - 18 11.21 .401 
4 1.10 - 19 10.99 .377 
5 1.59 0.005 20 10.91 .404 
6 14.08 .091 21 10.89 .450 
7 28.34 .310 22 11.02 .493 
8 24.81 .446 23 10.83 .451 
9 21.50 .387 24 10.71 .426 
10 18.37 .410 25 11.02 .641 
11 16.06 .478 
12 14.59 .401 
13 13.27 .424 
14 12.51 .429 
15 12.01 .392 
150 
